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New Current Source Inverters with dc-Side
Commutation and Load-Side Energy
Recovery Circuit

Yong-Ho Chung and Gyu-Hyeong Cho

Abstract—Two all-thyristor-type current source inverters (CSI’s) with
dc-side commutation and load-side energy recovery are proposed with
analyses and explanations of the circuit operations. The inverters over-
come most of the drawbacks of conventional CSI’s—high device voltage
stress, low operating frequency range, large c tation c: itance
etc.—by employing a simultaneous recovery and commutation concept.
The new CSI’s employ only one commutation capacitor and can be built
with considerably low cost. The commutation energies are temporarily
stored in a large dc capacitor and recovered to the load side, which
makes the device voltage stress low and the efficiency high.

Computer simulation results are given in brief comparison with the
auto-sequentially commutated inverter. Finally, experimental results are
shown for 5-hp induction motor drive.

I. INTRODUCTION

THE MOST widely used current source inverter (CSI) is the
auto-sequentially commutated inverter (ASCI) because of its
simplicity and reliability [1]. However, the ASCI has some
drawbacks that are caused by the commutation circuit. There
have been several attempts to eliminate or to reduce the draw-
backs of the ASCI [2], [4], [6], [7].

One method is to add a delayed thyristor ring-up circuit [6],
[7] to the basic power circuit to widen the operating frequency
range while maintaining the same voltage stress as the basic
circuit. However, this approach increases the device and the
commutation capacitor current stresses because the commutation
capacitance and the ring-up reactance should be increased and
decreased, respectively, in order to reduce the voltage stress
while maintaining the maximum operating frequency constant.

Another method is to add an energy recovery or voltage
clamping circuit to reduce the voltage stress while maintaining
the wide operating frequency range [4], [5]. The recovered
energy is returned to the dc link side or the utility ac lines. If the
recovered energy is fed to the dc link side, undesired current
ripple occurs in the load side. On the other hand, if the energy is
to be returned to the utility, the required hardware cost becomes
expensive. In order to overcome such problems, the simultane-
ous recovery and commutation (SRC) concept is introduced,
where the recovered energy is fed to the motor side during the
commutation interval {2]. In the SRC concept inverter (SRCI),
the energy of recovery capacitor is discharged to the oncoming
phase of the motor during the commutation interval until the
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Fig. 1. Power circuit of GTO-type SRCI.

offgoing phase current of the motor becomes about one half of
the dc link current. After that, the remaining energy in the
leakage reactance of the motor is recovered to the recovery
capacitor for the next commutation, whereby the device voltage
stress is greatly reduced. In addition, the device voltage stress
level can be controlled by varying the discharging interval length
as a function of load current.

Fig. 1 shows the power circuit of the SRCI, whose main
switching devices are composed of GTO’s. One drawback of
such a basic circuit shown in Fig. 1 is that the commutation
failure of the auxiliary thyristors could occur when the oncoming
phase current exceeds the dc link current during the discharging
interval. This phenomenon can happen when the load current is
abruptly changed. Besides, the system cost becomes high be-
cause it employs GTO’s as main switches. If thyristors are used
as main switches, the inverter cost can be low, and its power
rating can also be easily increased, even though the additional
commutation circuit that turns off the main thyristors is required.
However, if the hard commutation circuit such as the ASCI is
used to turn off the main thyristors, the voltage stress of the
devices is increased about twice that of the commutation capaci-
tor. This is because the summed voltage of the commutation
capacitor and the energy recovery capacitor is applied to the
devices during commutation. In addition, the possibility of com-
mutation failure still exists if the SRC concept is applied to the
ASCI-type CSI’s.

In this paper, two all-thyristor type CSI's operating with the
SRC concept are proposed to reduce the device voltage stress
and to eliminate the commutation failure problems. Two pro-
posed inverter circuits are analyzed approximately to give a
guideline of the commutation circuit design, and their character-
istics are compared with the ASCI. Finally, the operation of the
proposed inverters is verified through computer simulation and
the experiment.
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Fig. 2. Power circuits of the proposed two inverters: (a) Type-1 circuit; (b)

type-2 circuit.

II. DESCRIPTION OF THE PROPOSED INVERTER CIRCUITS

Fig. 2 shows the power circuits of the two proposed inverters.
Compared with Fig. 1, the dc-side commutation circuit is only
added while replacing GTO’s with thyristors. Six auxiliary
thyristors (A21-A26), six diodes (D21-D26), and one dc
capacitor C, play the role of energy recoverer as in Fig. 1. The
upper side (the lower side) main thyristors are commutated by
turning on A31 and A34 (A32 and A33) simultaneously in
both types of inverters.

In a type-1 circuit, four thyristors (A31-A434), two diodes
(D31-D32), and three passive elements (R,, C, L) operate as
a soft commutation circuit with the help of six diodes
(D21-D26). Since the offgoing thyristor of a type-1 inverter is
turned off by the voltage drop across R, two diodes (D31 and
D32) provide a short path to the L, C resonant circuit through a
very small resistor R,, whereby the main thyristor voltage
stress is near the same as that of the recovery capacitor C,.

In a type-2 circuit, four thyristors (.431-434), one antiparal-
lel thyristor S, one capacitor C, and one fast polarity conver-
sion reactor L, operate as a hard commutation circuit with the
help of six diodes (D21-D26). S, and L, in type-2 inverters
are used to delay thyristor ring-up operation [6]. Since the
problem of device voltage stress cannot be solved if this circuit
operates as the basic SRC inverter does, the operation of the
basic SRCI is modified to limit the device voltage stress to the
value of the capacitor C, voltage. In this circuit, the offgoing
thyristor is turned off before the discharging current of the
capacitor C, begins to flow through the oncoming phase. When
the commutation capacitor voltage reaches zero, the auxiliary
thyristor connected to the oncoming phase is turned on to start
the discharging current, whereby the problem of device voltage

stress is solved. Since this method shortens the length of the
discharging time compared with the GTO-type SRCI, the resul-
tant capacitor voltage stress is somewhat higher than that of the
GTO-type SRCI but not significant up to 1.5 p.u. load condition.

III. OPERATIONS OF PROPOSED INVERTERS
A. Type-1 Inverter

The initial state with 711 and 7’12 conducting is defined as
mode 0. Mode 1 (Fig. 3(b)) begins by turning on thyristors A423
and A24, whereby the part of the stored energy of the capacitor
C, is discharged through the oncoming phase. After a certain
period T, which is dependent on the operating condition, mode
2 (Fig. 3(c)) begins by firing thyristors A31 and A34 in order
to turn off the main thyristor 7'11. During this interval, the
commutation capacitor begins to discharge through L, D32,
and R . Once the diode D32 is conducted, the offgoing thyris-
tor 711 is turned off and reverse biased by the voltage drop
across R,. In this process, the thyristor 424 is also turned off
by the conduction of diode D24 to provide the current path to
the offgoing phase of the induction motor. This operation elimi-
nates possible commutation failure problems. Since the interval
length of mode 2 is dependent on several factors (such as the
turn-off time T,, of the main thyristors, the di/d¢ limiting
reactance L,, the dc link current, and the voltage drop across
R ), all of these effects should be considered in designing the
commutation circuit for safe commutation, especially in the case
of high-power application by using the exact thyristor turn-off
model [3]. However, the thyristor’s turn-off process is idealized
in this paper since the length of mode 2 is very short compared
with the total commutation time.

When thyristor 711 is turned off, mode 3 (Fig. 3(d)) begins
and continues until the commutation capacitor current i(f)
reaches the dc link current value 7;. Fig. 3(d) shows that the
oncoming phase thyristor is reverse biased by the voltage drop
across R, plus the capacitor C, voltage. The voltage stress of
the main thyristor 713 is determined by the capacitor C,
voltage stress if the voltage drop over R, is small. This
operation eliminates the device voltage stress problem. The
operation of the commutation circuit can be understood easily if
R, is set to zero and the diode D32 is replaced by a diode
string. When /() reaches I;, mode 4 (Fig. 3(e)) begins, and
the commutation capacitor C is charged linearly by the dc link
current. The main thyristor 711 is in the forward blocking state
during this mode.

Mode 4 ends when v.(#) equals v,.(#), and mode 5 begins by
turning on T'13 (Fig. 3(f)). Although the capacitor C, is dis-
charged through the interval from mode 1 to mode 4, it is
charged through the next two modes by the remaining energy of
the leakage reactance of the induction motor. In mode 5, thyris-
tor A23 is turned off by the conduction of diode D23, and the
current through 713 begins to increase. Since the capacitance
C, is much larger than that of C, C, may be replaced with a
voltage source during this interval. In this case, [ (#) decreases
rapidly and reaches zero. The next state is mode 6 (Fig. 3(g)),
where the remaining energy exchange between the capacitor C,
and offgoing phase occurs. When the offgoing phase current
reaches zero, the overall commutation ends, which is shown in
Fig. 3(h).

Fig. 4 shows the gating signals of the main and auxiliary
thyristors of the type-1 inverter, and Fig. 5 shows the various
waveforms of the type-1 inverter during one commutation inter-
val. The commutation capacitor voltage and the current are
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Commutation mode diagrams of type-1 inverter: (a) Mode 0; (b)

mode 1; (c) mode 2; (d) mode 3; (e) mode 4; (f) mode 5; (g) mode 6; (h)

mode 7.

scaled down for easy comparison with line currents. It can be
seen in Fig. 5 that the discharging time 7, is composed of the
intervals from mode 1 to mode 4, and the recovery time 7, is
determined mainly by the length of mode 6. Transition from the
discharging mode to the recovery mode occurs during mode 5.

B. Type-2 Inverter

The initial state with 711 and T'12 conducting is defined as
mode 0. Mode 1 (Fig. 6(b)) begins by turning on thyristors 431

and A34 in order to turn off the offgoing thyristor 7'13. After a
certain delay time 7, mode 2 begins by turning on the thyristor
S, in order to shorten the linear discharging time by increasing
the capacitor discharging rate (Fig. 6(c)). Mode 3 begins when
the commutation capacitor voltage reaches zero by turning on
the auxiliary thyristor 423 in order to discharge the part of the
stored energy of the capacitor C, through the oncoming phase
(Fig. 6(d)). This approach eliminates the problem of the device
voltage stress for the hard commutated inverter since the summed
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voltage of the commutation capacitor and the energy recovery
capacitor equals that of the energy recovery capacitor. The next
state can be mode 4 (Fig. 6(e)) or mode 5 (Fig. 6(f)); however,
mode 5 does not occur in most cases, except for the transient
case.

When the reactor current i,(f) becomes zero, mode 4 begins.
During this interval, the commutation capacitor is charged lin-
early by the dc link current until the oncoming phase thyristor
T13 is forwardly biased. Since the length of mode 4 is depen-
dent on the three factors (the dc link current, the commutation
circuit parameters L, C, and the length of mode-1), it is
possible to control the length of this interval (discharging inter-
val) to some extent by varying 7,. When T13 is turned on,
mode 6 begins, and the auxiliary thyristor 423 is turned off by
the conduction of D23 (Fig. 6(g)). In this mode, the remaining
energy of the leakage reactance of the induction motor is trans-
ferred to the paralleled capacitors C and C,. Mode 6 ends when
the offgoing phase current reaches zero and the overall commu-
tation ends, which is shown in Fig. 6(h).

Fig. 7 shows the gating signals of the main and the auxiliary
thyristors of the type-2 inverter, from which it is shown that the
operations of the two inverters are somewhat different from each
other. Fig. 8 shows the various waveforms of the type-2 inverter
during one commutation interval. The commutation capacitor
voltage and the current are also scaled down for easy compari-
son with line currents. It can be seen from Fig. 8 that the
discharging time 7, is composed of the intervals mode 3 and
mode 4, and the recovery time 7, is determined by the length of
mode 6.

IV. CoMMUTATION MODE ANALYSES OF Two TYPES OF
INVERTERS

The series equivalent circuit is used for a 5-hp induction
motor [1], and the parameters and relationships used for the
simulations and analyses of the inverter operations are given in
Table I and Table II, respectively. In addition, the equivalent
circuits corresponding to the respective modes of type-1 and
type-2 inverters can be obtained from Figs. 3 and 6, respec-
tively. All of the equations related to the commutation modes are
given in Table III (and the corresponding equation numbers to
respective modes are given in Table IV). Detailed analyses of
the proposed inverters can be obtained using those equations;
however, simplified analyses are given in this section through
appropriate approximations under the following assumptions:

1) Back EMF variation during commutation interval is negli-
gible.

2) Effects of bypassing currents are negligible.

3) Effects of R, and R are negligible.

4) DC link current is constant during the commutation inter-
val.

S) At the start of each mode, ¢ = 0.

6) The respective mode length is T; (i is the mode number)

7) Motor operates on a constant flux mode up to the base
frequency.

A. Type-1 Inverter

1) Mode-1: From (A12), (A15), (A23) and, (A25) in Table
II1, the line current / (¢) and the capacitor voltage v,(f)
across C, become

i(1) =
v,(t) =E,sin¢ + (V,, — E,, sin¢) cos w, ¢

where Z, = \/2L,/C, and w, = 1/4/2L,C,.

Equations (1) and (2) are good up to mode 4.

2) Mode-2 and Mode-3: If the reverse recovery characteris-
tic of the main thyristor is neglected, the commutation capacitor
voltage v.(f) and current i (f) can be obtained from (AS),
(A10), (A17), and (A26) as

V,o — E, sin¢
V4

r

(1)
)

sin w, !

v(t) = —Z, I, cos (w,t + ¢,) (3)
i(t) = I sin(w,t + ¢,) (4)
where Z, = \/L/C, w, = INNLC
Io= VE+ (V/2) (5)
S = tan" ' (Z,1,/V,,). (6)

If the peak current of the commutation capacitor shown in
Fig. 5 is sufficiently greater than the dc link current I, the
interval of mode 2 and mode 3 can be approximated as

Ty = \/Zf(ﬂ' - led/Vco)' (7)

The second term of (7) becomes negligible, compared with the
first term if the commutation circuit is well designed, whereby
the interval of mode 2 and mode 3 become constant, irrespective
of the load current.

3) Mode-4: From (A9) and (A20), the voltage and the cur-
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TABLE 1
PARAMETERS USED FOR THE SIMULATION OF THE INVERTER
R, =045Q R =047 Q L,=126mH
L,, =76 mH I, = 14 A [rms] Vem = 220V [rms]
L=05mH C= SIO‘MF R,=0.1-040Q
C, = 50 uF L,=1mH Wim = 13.6 rad/s

,
oy
[oN}

q\;ﬂ*‘
o)

(]

.94 mH
0 Hz
0 Hz
= 100 us

TABLE 11

Back EMF oF THE INDUCTION MOTOR AND J; FOR CONSTANT FLUX OPERATION

E () =V,sinQnfst+ ¢+ 57/6)
E()=V,sinQnfst +¢ — 7/2)

U(t) = V,sinQRxfst + ¢ + 7/6)
E, ()= 7E sin@w fst + ¢)

E,(t)=E,cosQnfst + ¢ + 7 /6) d> tan ™ I(Rr/meS{)
2mfsLls E, RX+ o}(L, +L,)
Vm 2 la= 37651 2 z
V1+ (ws;Lyy/R,) bLm R+ (L,wg)
E,= V3V,
I Stator current [rms] of the induction motor

ES = Airgap voltage [rms] at base frequency f;,

TABLE I1II
DEescrIBING EQUATIONS OF COMMUTATION MoODES FOR Two TYPES OF INVERTERS

i) = (Al) (D+i() =1, (A13)
i(t) = (A2) D+ =1, (A14)
i(f) = 0 (A3) i(H+if()=0 (Al5)
I:U(Z‘) =1, (A4) LW +i+ifn=1, (A16)
{S(t) =0 (AS) is(y +i) —i() =1, (A17)
{S(t) =1, (A6) HO+in+i+ify =1, (A18)
{x(t) =0 (A7) vty = =V, + 1;¢/C (A19)
i()=0 (A8) v (1) = Vs Iyt /C (A20)
. dis(t)
i) =1, (A9) S"T = —R,i(D (A21)

dis(1)
vty = =V, (A10) S = v (t) — v(t) (A22)
dv, (1)
vty = +V,, (A11) T ar = —i (1) (A23)
dv(1)
v (1) = +V, (A12) C ar =i/t (A24)
2L a ( ) 2Ri '
e——— = —2Ri(t) — RI;+ v (1) — E (D) (A25)

. aiy N

o = RO — v (426

() o

T = = xlx(t) + vc(t) =0 (A27)

dilt)

a — R, i, (1) — v (8) + v(8) (A28)

57
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TABLE IV
CORRESPONDING EQUATION NUMBERS FOR EACH COMMUTATION MODE

Type Mode Mode Mode Mode Mode Mode Mode Mode
No. 0 1 2 3 4 5 6 7

i 1 A2 Al13  Al3  Al13  Al3 AlI3 Al3 Al
i) 2 A2 A2 A2 Al3  AI3 Al3 Al13 Al
i(0 1 A3 A25 A25 A25 A25 A25 A25 A4
if0 2 A3 A3 A3 A25  A25 A25 A25 A4
ity 1 A6 A6 A2l A5 A5 A2l A6 A6
ity 2 A6 AS AS AS AS A22  A22 A6
i) 1 A7 A7 Al17  Al7 A7 Al7 A7 A7
it 2 A7 A7 A27T A7 A7 A27 A7 A7
iy 1 A8 A8 A26 A2 A9 A28 A8 A8
i) 2 A8 A9 Al7T  Al7 A9 Al7T  Al7 A8
(0 1 Al5 AIS5 AlS AlS Al15 Al6 Al4 AlS5
i.(0) 2 AlS AlS AlS Al15 AlS Al8 Al6 AlS
v (1) 1 Al10  A10 A24 A24 A20 A24 A1l All
v(1) 2 Al0  Al19 A24  A24 A20 A24 A24  All
v (1) 1 Al2  A23 A23 A23 A23  A23 A23  Al2
v, (t) 2 Al2  Al2  A23 A23 A23 A23 A23 A2
rent of the commutation capacitor become
V(t) = Vs + Iyt/C (8)
i(t) =1, 9)

This mode ends when v (#) = v.(f) but may be skipped over,
depending on the load conditions. Using (1) and (2), the final
conditions of mode 4 are given as

V.o — E,, sin
Iy = Yro = Bmsin $ sin @, T, (10)
z,
V4= Epsing + (V,, — E,sin¢)cos w, T, (11)
VC = Vr4° (12)

4) Mode-5 and Mode-6: During mode S, the polarity of
i,(t) is changed from a negative to a positive value, whereby
A23 is turned off and D23 conducts. Since the voltage buildup
on C, is negligible during this interval, the voltage and current
of the commutation capacitor become, from (A17), (A24), and
(A28) to be

v(t) = Vo + Z, 1, sin w,t

(13)
(14)
Equation (14) shows that the length of mode 5 is determined
only by the commutation circuit parameters (L and C). Since

mode 5 ends when the commutation current reaches zero, the
interval length of mode 5 can be written as

i(t) = I cos .

T; = 0.57VLC. (15)

On the other hand, by using (A14), (A23), and (A25), the
oncoming phase current and the capacitor C, voltage during
mode 5 and mode 6 can be written as

v (1) = E,sin(¢ + w,T,) + Z, Igcos (w,f + ¢5) (16)

(17)

i,(2) = I; + Igsin (w,f + ¢g)

\/[(Vm — E,sin(¢ + “’sToI))/Zr]2 + (I = 1)’

(18)

Z,(1y = Iya)

= tan~' .
¢6 o Vr4 - Em sin (d) + “"’sTd)

(19)

Since mode 6 ends when the oncoming phase current reaches the
dc link current value, the final conditions are given from (16)
and (17) as

l),(t) I t=T, = Vro

i) ot =14

(20)
(21)

5) Capacitor Voltage and Commutation Time in the Steady
State: In steady-state operation, the charge balancing across C,
should be satisfied, that is, the discharged energy of C, must be
equal to the recovered energy of C,. If (16) and (17) are
combined by using the initial conditions (10}, (11) and the final
conditions (20) and (21), the following relationship can be
obtained:

(Vi = E,psin (¢ + w,T,)) cos o, T,
=E,sin¢ — E,sin (¢ + «,T,)
+(V,o — E,,sin ¢) cos w,T.
(2)

If the variation of back EMF voltage during commutation inter-
val is small enough, (22) can be approximated as

cos w, T, = cos w,Ty.

(23)

Equation (23) means the discharging time 7}, is very close to the
recovery time 7, independent of load condition, which is a very
interesting result. From (17), (21), and (23), the discharging
time T, and the final capacitor voltage V,, can also be approxi-

mated as
ZI
T,~ /2L.C,sin" ' — 24 24
d S v, —E,sing) (24)
1 Z,1,
V. ~E, sing + - —2 . 25
o= EnSine t 5 o T, (25)

Equations (24) and (25) show that the commutation time 7,
(= T4+ T,) is closely related to the capacitor voltage V,, for a
fixed Z,. Therefore, once one parameter between T, and V,, is
set, then another parameter is accordingly determined by (24)
and (25). If C, is sufficiently large, (25) can be approximated as

Vo= Epsing + L1/ Ty). (26)

Equation (26) says that V,, is controllable by varying T, as a
function of I, and it is independent of C,. Alternately, V,, can
be set to a constant value irrespective of load condition by
controlling T, proportional to I,. In this case, it is noticeable
that the maximum commutation time occurs at maximum load
condition. If (24) and (25) are combined with (10), we known
that I,, approaches I,/2. This means that the discharging
current at the end of discharging interval is about one half of the
dc link current.

Fig. 9 shows the various waveforms of the type-1 inverter in
the steady state. Since v,(f) remains almost constant and its
ripple component is very low, C, acts like a voltage source and
clamps the spike voltage during commutation interval, whereby
the peak voltage stresses of the devices and the motor terminals
are all limited to v,(¢). In addition, Fig. 9 shows that the
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Fig. 9. Various waveforms of type-1 inverter in the steady state (L = 0.5
mH, C = 10 pF, load = 1.0 p.u.)

inverter input voltage E;(¢) swings from near zero to the
positive peak value during the commutation interval, and the
transient duration is negligible compared with the output period.
However, in conventional CSI’s, it swings from the negative
peak to the positive peak value, and its duration is significant as
the operating frequency increases. Thus, there is a noticeable
reduction in the ripple of the inverter bus voltage, which corre-
spondingly reduces the dc link current ripple—this property is
obtained by employing the SRC concept and the soft commuta-
tion circuit.

6) Commutation Circuit Design Procedure and Control
Algorithm: Using the results of the commutation mode analy-
ses, the commutation circuit elements (L, C, R,) can be easily
determined on the bases of the safe commutation of main
thyristor and the minimization of V,,. By using (12), (13), and
(15), the final commutation capacitor voltage V,, can be approx-
imately written as

Vco = Vr4 + ZXId i Vro + led'

(27)
Equation (27) says that the commutation capacitor voltage V,,
depends on V,, and Z,. Since the controllable interval of 7}, is
only T, the worst condition occurs when 7, = 0. If the maxi-
mum value of V,, is set to k, times V,,,... when T, = 0 and
1, = I;,,,, the following two relationships should be satisfied:

v, + Z. 10 < kY, (28)

comax max — v romax
(29)

T = Ty + 0.5 = 1.257VLC
where it is assumed that a half of period 75 belongs to the
discharging interval, and 7, = 0, which is true under heavy load
condition.

By using (25), (28), and (29), we can obtain Fig. 10, which
shows the normalized quantities 3V, ,,.ax/ Vim> Somax/Sp and
Z./5) as a function of 7, (normalized value by the main
thyristor turn-off time T, ) for several k,, where V, ., f, and
JSmay denote the mameplate line-to-line rms voltage, the base
frequency of the motor, and the maximum operating frequency
of the inverter, respectively. The lower and the upper limits of
T, are set 1.25 times T,5 and T,,,,, respectively, where
Tymax is given by the allowable minimum value of V,,, e.g.,
1.2 times E,,,.

If T, is set, the resultant V..., fjax> and Z, are deter-

=V,

romax

11

3 Vromax

LOAD = 1.5 P.U.

1.0 1.2 1.4 1.6 1.8 2.0 2.2 2.4

Fig. 10. Design curve for determining the commutation 7/, T,z circuit
elements of type-1 inverter.

mined by points A, B, and C of Fig. 10, respectively. In
addition, if the voltage drop allowable across R, is kp times
Veomax» Ry is given by the following relationship:

2
R.I, =R, \/Ia%max + (Vcomax/zx) < krVeomax- (30)

Therefore, the three passive elements (L, C, R,) can be deter-
mined by using (25), (28)-(30) or Fig. 10 and (30). Fig. 10
shows that it is not necessary to control 7T or effectively T, as a
function of I, because it is sufficient to set 7; = 0 in most
applications. However, it would be necessary to control T
when a heavy load is applied abruptly. In such a case, the
relationships between 7, and I, for maintaining V,,,,,, as a
desired value can be written as

T, =~ T,— Ty — 0.5T5 = kI, — 1.257VLC

(31)
(32)

Determination of 7, can be easily implemented by comparing
the right terms of (31) with a sawtooth waveform synchronized
to the inverter gating signals.

kd = Le/(Vro - Em sin ¢') i Le/ Vromax'

B. Type-2 Inverter

1) Mode-1: From (A9) and (A19) in Table III, v (f) and
i.(t) across C become

v(t) = =V, + I;t/C= =V, + I,t/C  (33)
io(t) = I (34)
This mode determines the length of the discharging interval

and V,,.
2) Mode-2: From (A24) and (A27) in Table III, v.(¢) and
i(t) can be written as

Uc(t) =
6 (36)

i(t) =1I,sin (&, + )

where Iot = Ia' Veo=—-Vcr° ¢a = al Veo= —Ver? Zx
= VL,/C,d,=1/\JI.C.

Equations (35) and (36) are good through mode 3, and the

~Z, 0 cos (&t + )

(35)
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interval of mode 2 can be approximated as

T,= VL, Ctan ' (= Vg /2, 1,). (37)
Equation (37) says that the interval length of mode 2 is negligi-
ble under heavy load condition. In addition, it is shown in Fig. 8
that the interval of mode 3 approximately equals to that of mode
2.

3) Mode-3 and Mode-4: From (A12), (A15), (A23), and
(A25) in Table III, i (#) and v,(¢) during mode 3 become

V,, — E,,sin ¢

i (1) = L2

sin w, f

(38)

.
v,(¢) = E,sin ¢ + (V,, — E,, sin ) cos w,t

where ¢ = ¢ + w Ty + w,T,.

Using (A9) and (A20) in the Appendix, v.(?) and i(¢) during
mode 4 can be written as (8) and (9), respectively. Equations
(38) and (39) are good through mode 4, and Fig. 8 shows that
the interval of mode 4 approximately equals that of mode 1 in
the steady state.

4) Mode-5 and Mode-6: 1f C, is much larger than C, from
(A14) and (A25) in Table III, i (¢) and v(¢) across C, become

(39)

v, (1) = Esin(é + wgT,) + Z,Jycos (w,1 + &) (40)

i,(1) = I; + Igsin (0, + $;) (41)
where Ig = I| 43, b = 64] 45

5) Capacitor Voltage and Commutation Time in the Steady
State: In steady-state operation, the charge balancing across C,
should be satisfied, as in the case of the type-1 inverter. There-
fore, if the discharging time and the recovery time are denoted
to T, (=T; + T;) and T, (= T), respectively, the relationships
of (23) to (26) are also satisfied in the type-2 inverter. From the
commutation mode analysis, the total commutation time 7, can
be written as

T,=T +T,+2T,;=3T,. (42)
Equation (42) says that the discharging time is controllable by
Ty, and from (25), V,, is also controllable. On the other hand,
compared with the type-1 inverter, the commutation time 7T, of
the type-2 inverter is increased by T, for the same voltage stress
V-

Fig. 11 shows various waveforms of the type-2 inverter in the
steady state. Compared with Fig. 9, there is no major difference
between them, except for the inverter input voltage waveform.
Since the type-2 inverter employs a hard commutation circuit,
E,; () swings from a negative peak to a positive peak value.
However, its effects are negligible owing to the reduced capaci-
tor peak voltage and the short commutation interval length.

6) Commutation Circuit Design Procedure and Control
Algorithm: Using the results of the commutation mode analy-
sis, the commutation circuit elements (L,,C) can be easily
determined on the basis of the stable commutation under the
minimum and the maximum load conditions. Since the discharg-
ing time corresponds to T + T,, it is necessary to control T,
such that the resultant 7 should satisfy (26) for a given V,,,,,.-
If 7, is set to be zero when I; = I,,,., the discharging time
and the maximum value of commutation capacitance C, can

. max
be written as

(43)
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Various waveforms of type-2 inverter in the steady state (L, = 1
mH, C = 10 uF, load = 1.0 p.u.).
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On the other hand, for the purpose of stable commutation under
the light load condition and the maximum operating frequency,
the following relationship should be met:

2T, < 7V/LCoax < 2L Coax

where T, = 0 is regarding the worst condition. Since (45)
determines only the maximum and the minimum values of L,, it
is necessary to assign another constraint on L. If the current
stress on the commutation capacitor at no load is no greater than
that of the maximum load condition, the following relationship
should be met:

(45)

_ 7rc,,1,,x(_VCl_)2 (46)

L
4L,

where ¥V, denotes the commutation capacitor voltage at the end
of mode 1 and depends on the control scheme on T;.

By using (43)-(45), we can obtain Fig. 12, which shows the
normalized quantities (V,gmax/ Vem 804 frax/fp, and L in
millihenrys and C,,,, in microfarads) as a function of T
(normalized by T,z). The lower and the upper limits of T, are
set to T,p and Tp,,,, tespectively. If T is set, then the
resultant f,,,.» Vromax> Cmaxs and L, are determined by points
P, Q, R, and S respectively, of Fig. 12.

Since the control scheme of T, is similar to the case of the
type-1 inverter, the relationship between T, and I, can be
written as

I dmax

T,=T,— T,.

(47)

However, from (37) and (47), we know that it is not simple to
determine 7, as a function of I, Considering (43), it is
reasonable to use a constant delay time, in which case T, can be

written as
T,= L,.C.

V. SIMULATION AND EXPERIMENTAL RESULTS

(48)

Fig. 13 shows the capacitor voltage stresses of the two
inverter types. The discharging time is controlled by (31) and
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Fig. 12. Design curve for determining the commutation /L.C/T,,
circuit elements of type-2 inverter.
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Fig. 13.  Commutation and recovery capacitor voltages of the two types of
inverters versus load.

(48) for respective inverters. Fig. 13 shows that the V,,,,,, are
similar to each ohter; however, the commutation capacitor volt-
age V.omax Of the type-1 inverter is somewhat higher than
V., omax» @s is expected. Fig. 14 shows that the commutation time
of the type-1 inverter increases as the load increases, whereas
the commutation time of the type-2 inverter decreases as the load
increases. Since these results are obtained when T is very
simply controlled, the better results can be obtained by employ-
ing a more accurate control scheme.

In Fig. 15, the maximum voltage stresses of the two inverter
types are compared with the ASCI as a function of the maximum
operating frequency. In addition, the required maximum com-
mutation capacitance of the type-2 inverter and the minimum
capacitance of the ASCI are compared. From Fig. 15, we know
that the proposed two inverters overcome most of the drawbacks
of the ASCI—high device voltage stress, low operating fre-
quency range, large commutation capacitance, etc.

Figs. 16 and 17 show the oscillograms of the commutation
capacitor voltage and current for the type-1 and type-2 inverters,
respectively. Compared with the waveforms of Figs. 5 and 8, it
is shown that the experimental results are in agreement with the
simulated waveforms. However, there are some differences be-
tween them owing to the neglected effects such as the thyristor
recovery characteristics, snubbers, etc. Figs. 18 and 19 show the
oscillograms of the line-to-line voltage, the line current, and the
recovery capacitor current for the type-1 and type-2 inverters,
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Fig. 14.  Commutation times of the two types of inverters versus load.

E 20 7 O Cmax.2 (uF]
= ] O Cmin,ASCI
x
g b A Veomax,ASCI
S 15 -
> E B Viomax,2
:l A Vromax,1
10
]
int
5 |
—S—
o : ! : = ; ; 7 -
1 2 3 4 5 6 7 8 9 10
fmax / fp
Fig. 15. Comparison between ASCI and the two types of inverters regard-

ing the voltage stress versus maximum operating frequency.

Fig. 16. Osills of the— ivener: commutation capacitor volt-
age and current (200 V/div, 10 A/div, 0.2 ms/div).

Fig. 17. Oscillograms of the type-2 inverter: commutation capacitor volt-
age and current (100 V/div, 10 A/div, 0.5 ms/div).
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Fig. 18. Oscillograms of the type-1 inverter: line-to-line voltage, line
current, and recovery capacitor current (200 V/div, 5 A/div, 5 ms/div).

Fig. 19. Oscillograms of the type-2 inverter: line-to-line voltage, line
current, and recovery capacitor current (200 V/div, 5 A/div, 5 ms/div).
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Fig. 20. Oscillogram of the type-1 inverter: inverter bus voltage and
commutation capacitor current (200 V/div, 20 A /div, 2 ms/div).

Fig. 21. O&ili&gfam of the type-2 inverter: inverter bus voltage and
commutation capacitor current (200 V /div, 10 A /div, 2 ms/div).

respectively, from which it is shown that the voltage spike of the
induction motor is clamped to the recovery capacitor voltage.
Figs. 20 an 21 show the oscillograms of the dc bus voltage and
the commutation capacitor current for type-1 and type-2 invert-
ers, respectively, from which it is shown that the experimental
results are similar to the simulated waveforms of Figs. 9 and 11.

VI. CoNcLUSION

Two different types of new inverter circuits with simultancous
recovery and commutation concept are proposed and analyzed.
The two inverter circuits show similar performance regarding
the spike voltage clamp during the commutation interval. The
type-1 circuit is superior to the type-2 circuit in the maximum
operating frequency range by almost 1.5 times; however, there
is little difference in performance between them up to a 1.5 p.u.
load condition. The main difference in operation comes from the
turn-off process of the main thyristor, that is, whether it is soft
commutated or hard commutated. Since the new inverters have
much lower voltage stresses and a higher operating frequency
range in comparison with the conventional ASCI, we think that
the proposed inverters would be excellent choices for future
drive applications.
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