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Symmetric GTO and Snubber Component
Characterization in PWM Current-Source Inverters

Steven C. RizzoMember, IEEE Bin Wu, Member, IEEE and Reza SotudelMember, IEEE

Abstract—The pulsewidth-modulated (PWM) current-source CSI, the commutation process involves two legs of the inverter
inverter (CSI) used in ac-drive applications can be implemented and three snubber networks simultaneously. Due to the number
with symmetric gate turn-off thyristors (GTO's). One of the ¢ hhsgihle commutation conditions which can be encountered,
major difficulties in the optimization of the GTO switch and the . .
snubber components of the inverter is the variation in different an accurate method in the evaluat.'on of th.e ,tum'Oﬁ and
switching conditions encountered during normal operation. Past turn-on process becomes valuable in determining GTO and
work has concentrated on the GTO and snubber components snubber component stresses. In this paper, a model for the

in voltage-source applications, where commutation of the GTO GTO commutation in the PWM CSI drive is presented with
device is an independent process and does not affect the operationemphasiS on the following contributions:

of the other inverter devices. This paper proposes the characteri- ) ) o ) o
zation of the GTO and the snubber components by formulation of 1) formulation of the equivalent circuit and identification
the CSI equivalent circuit during the device commutation period. of the possible commutation states for the PWM CSI,

From the equjvalent circuit, the state equations are derived, 2) modeling of the commutation process, including nonlin-
thereby obtaining accurate voltage and current waveforms of the ear characteristics of the GTO:

GTO and associated snubbers. From the analysis, the component 3) simulati It hich b dt inimize th
power loss can be calculated and optimization performed. Sim- ) simulation results which can be used to minimize the

ulation results are verified by using both a laboratory prototype GTO switching loss and snubber loss;
and medium-voltage drive system. 4) verification with laboratory experiments;

Index Terms—Current-source inverter, snubber, symmetric 5) overview of snubber optimization.

GTO.

Il. EQUIVALENT CIRCUIT AND STATE EQUATIONS

| INTRODUCTION The circuit of Fig. 2 is the basis for the derivation of the

ARGE ac-drive applications have resulted in variougquivalent circuit during the commutation process. There are

inverter topologies. For medium-voltage (2300-6900 \Wix possible conducting pairs: T1, T2; T2, T3; T3, T4; T4,
applications, pulsewidth modulation (PWM) current-sources; T5, T6; and T6, T1. For any chosen pair, the resultant
inverters (CSI's) [PWM CSI's] with symmetric gate turn-offequivalent circuit is identical with the exception of the initial
thyristors (GTO’s) have been successfully implemented e@ltages of the output filter capacitors impressed upon the
induction machine applications. The simplified circuit diagrarfommutating devices. For the derivation of the equivalent
is shown in Fig. 1. The power switches T1-T6 are comprisegtcuit, device T1 and device T2 will be the initial conducting
of devices connected in a series string. The number conneqgiggt where the constant currefii. will be transferred from
in series is dependent on the system voltage and the blockifice T1 to device T3. Just prior to device T1 commutating,
capability of the GTO implemented. The symmetric GTO hage output filter capacitors can be modeled by constant voltage
the capability of blocking both forward and reverse voltageources for a short instant. Thus, the equivalent circuit during
up to 6500 V, making it ideal for a PWM CSI topology.commutation can be illustrated as in Fig. 3 and used for
Past studies of this topology have mainly concentrated @fe derivation of the state equations. The equivalent circuit
the control and harmonic elimination techniques, howevéllustrates the necessary components to develop an accurate
work related to the power switch and snubber design for GTiodel. The GTO snubber is comprised of a typical resistor,
PWM CSiI drives has been brief [1]-[3]. Investigation of theapacitor, and diode (RCD) polarized network with stray
commutation process of the GTO and its effects on the snubleductances L2, L4, and L6. The stray inductance in the
components has been well documented for voltage-sougifibber is easily measured by isolating the GTO and snubber
inverters (VSI's) [4], [5]. The GTO commutation procesgomponents from the circuit and removing the snubber resistor.
in a PWM CSI drive differs substantially. The commutatio®y charging the snubber capacitor to an appropriate voltage
process of one device in the VSI does not affect the operatignd shorting the GTO, ahC ringing circuit will result, giving
of the other inverter power switching devices. For the PWMne pulse of current through the diode. The inductance can be
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Fig. 1. Power circuit of GTO PWM CSI induction motor drive.
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Fig. 2. Current paths T1 and T2 conducting.

#H. Inductances L1, L3, and L5 are used to control thesed to solve the differential equations was the fourth-order
rate of rise of current through the GTO during turn on anBunge—Kutta method. A typical set of state equations is listed
load commutation. These inductances can be obtained froelow.

measurement. Under load commutation the rate of fall of

current is determined by the voltage and inductance ratio. TAe Equations for State 9

inductance can be calculated, accounting for the lead length

of the output filter capacitors by the following:

dig,
Vea + Vbe dt
= W (2) _ Vab — Ube + Vo, — 2R3iL3 =+ RSiLg — 21}03 + ve, — v,
3(L1 + Lo)
The di/dt inductance per leg is typically 15-28H per leg 3)
for a 4160-V system. dig,

Depending on the status of devices D1, T3, D3, and D5,
which can be either “on” or “off,” there is a possibility of 16 v}, + 2v,c + v, + Rair, — 2Rsip, — 2ve, + ve, — vL,

states when commutating the current from device T1 to device 3(Ly + Lg)

T3. The 16 possible states are defined in Table |. For each state, (4)
a set of state equations is derived with the state variables

defined to beiy,, ir,, ir,. vc,» ves, and ve,. The state dve, _iL, _ (Ipc —irg —ipg, —ir,) (5)
equations are derived by summing the voltages in loops 1 and d  C, Ci

2 of Fig. 3. Using the initial conditions aof,., vca, v, and dve,  ip, (6)
device models for the symmetric GTO and snubber diode, the dt — Cs

voltages and currents can be determined for all of the inverter dve, i,

components during the commutation interval. The technique a O )
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Fig. 3. Equivalent circuit for T1 commutation and T3 turn on.

TABLE | B. Characteristic Equations for Forced Commutation
D S .
EFINITION OF STATES 1) Switch T1 Turn Off:
State DI T3 D3 D5
vy, = VL, + VD, + V¢ (8)
1 OFF |OFF OFF | OFF P
2 OFF |OFF OFF | ON i, =i, <1 - 7) for 0 <t <ten ©)
3 |ofF |oFF | ON | OFF N
4 OFF |OFF ON ON iy, =ip e T —ipe o, for tgn < t < teail.
5 OFF |[ON OFF | OFF (10)
6 OFF |ON OFF ON 2) Switch T3 Turn On:
7 OFF ON ON OFF UTg = UL4 —|— UDg + UCS (11)
8 OFF |ON ON | ON ir, =L, —iL, (12)
9 ON |OFF OFF | OFF
where
10 . . .
ON | OFF OFF | ON i, current through the GTO prior to commutation;
11 ON |OFF ON OFF tfo defines the fall time period;
12 ON |OFF ON ON tiail defines the tail time;
ot 57 H H .
53 oN |on OFF | OFF ir,, iy, constants defining thg tail current;
T, T2 time constants defining the tail current decay
14 ON |ON OFF ON time
15 ON |ON ON OFF The constants defining the tail curreift and 7 and
16 ON ON ON ON the time constants; and m» are not included in standard

specification sheets. The excess minority charges and carrier
lifetime data required to characterize the tail current are not
For a typical GTO commutation process, three or momvailable to the device user. These values must be formulated
states will be involved. The state of devices D1, T3, D3, arekperimentally using curve fitting. The tail current is sensitive
D5 are computed and the appropriate set of state equationstareénitial anode current and gate current. Experimentation
selected for the calculation of the component voltages and cshowed that values of;, and i7, of 0.167 and 0.007 of
rents. For the PWM CSI, there are two types of commutatiotihe initial anode current and time constants of 0.6 and 0.12
The most familiar being forced commutation where the voltader —; and 7, respectively, gave acceptable results for the
vap Of Fig. 3 is negative. Prior to the commutation, the voltageil current under a variety of operating conditions. The gate
across device T3 will be negative since device T1 is on. Afteircuit used was based on typical gate characteristics provided
the commutation, the voltage across device T1 will be positiviey the manufacturer.
The characteristic equations defining forced commutation areThe condition for load commutation exists when the voltage
given below. A model similar to that used by Ohashi [4] i%,, of Fig. 3 is positive. Prior to commutation, the volt-
used to characterize the GTO for forced commutation. age across device T3 will be positive. When device T3 is
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commanded to turn on, its voltage will collapse and it is
dependent on the device turn-on tirfg. Device T1 will be R
reverse biased when device T3 is fully on. The turn off of
T1 is dependent on the device storage titpelf the rate of
fall of currentw,,/(2L,) of device T1 is large enough [i.e., 'V L—-
Lao/(var,/(2L1)] is significantly less than the storage timg,
then the commutation is solely load dependent. Thus, little
or no current will be transferred to the snubber diablg (a)
and the device voltager, will not increase positively. Since
the device is reverse biased during this interval, the P-doped... ~\‘]
\
|
I

oV

gate and N-doped cathode which form junction J3 is alsoO zee
reversed biased and will be the first to recover. Junction J3 *=°
can only support tens of volts. Thus, when the device current : 1/
becomes negative, the gate cathode junction will avalanche to 4 v
approximately—25 V. Once the device current has reached its -so
maximum reverse recovery current, device T1 will begin to -'*°s I T e T
block voltage and subsequently fully commutate. (b)

A combination of both forced and load commutation existgy 4. (ayu,, , 100 Vidiv, and Sus/div. (b) vz, , 50 Vidiv, and Sus/div.
when the rate of fall of current,,/(2L;) is such that
Lao/(va,/(2L1)) is greater tharé,. When this occurs, the o _ .
current will fall at a rate governed by, the device fall time, ~ The characteristic equations given above purposely
and a significant portion of device current will be transferred @v0id numerous device parameters in order to simplify
the snubber network, thus resultingm, values comparable the computation. The simulation relies only on entry of
to forced commutation. If both forced and load commutatiog TO fall time t, a percentage of initial anode current
exist, then the algorithm for the calculation of the componef@! the formulation of the tail current, GTO tail time,
voltages and currents uses the characteristic equations of H&i¥erse-recovery time, and turn-on time. It is well known that

types of commutation. the value of these parameters is affected by circuit switching

C. Characteristic Equations for Load Commutation

conditions, however, parameter values from the device
specification sheets when entered into the simulation give
results which correlate to the measurements obtained. Thus,

1) Before Switch T1 Blocks Voltage: with standard device data, voltage and current waveforms of
GTO and snubber components are easily obtainable.
vy, = on-state voltage, foi, positive (13)
v, = Vgate-cathodevalanche, for iz, negative [ll. EXPERIMENTAL AND SIMULATION RESULTS
(14)
dig, /dt = (Vea + vpe) /(2 X L1) (15) A. Experimental and Simulation Results on Laboratory Unit
vr, = (—Ube — Vea) — (V(—Une — Vea)/(ta — tg) X )2 The_ circuit of Fig. 3 was used to yenfy the characteristic
(16) equations formulated for the GTO during turn on and turn off.
The circuit parameters were as follows:
2) After Switch T1 Blocks Voltage: Ly =Lz = Ls = 10 pH;
Lo=L,= Lg=0.45 uH measured,;
iTg = iﬁg - iL4 (17) Rl = R3 = R5 =20 Q,
vr = VL, + VD, t+ Vo (18) Cy =C3=C5 =2 uF;
dig, /dt = —(Vea + v1e) /(2 X L1), from .5¢,, 10 .9%,, I =110 A;
(19) Vbe = 150 V;
ir, =irams X ¢/ from 9, to £, (20) Van, = =50V,  for forced commutation;
vy, =0, (T3 is fully on) (21) V., = 140V,  for the condition where both forced
i1, =L, — UL, (22) and load commutation exist.
h The device used was manufactured by Toshiba SG800GXH21,
where 4500 V and 800 A. Figs. 4-8 show the results obtained
tyr device turn-on time; in the laboratory for the forced commutation of T1, the
tq device delay time; outgoing device, and the turn on of T3, the incoming device.
Tdecay ~time constant defining the reverse-recovery currefixperimental results are given in (a) of Figs. 4-8. Simulation
in final portion of recovery phase; results using the characteristic equations and state equations
tor device total reverse-recovery time. are given are given in (b) of Figs. 4-8. The simulation results
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program as seen in Fig. 6(b). Thus, calculation of device losses
for a given PWM switching pattern can be obtained provided
the commutation voltages are known. The turn-on loss of
device T3 is zero when device T1 is forced commutated.
Device T3 conducts only after the voltage across it has decayed
from its initial negative value to zero, afterward assuming its
on-state voltage. Figs. 7 and 8 indicate that the current through
device T3 only commences when the GTO is forward biased.
Thus, device T3 experiences no turn-on switching loss. Note
that the simulation results only indicate the switching losses
and any loss prior to or after commutation or turn on is ignored.
The PWM CSI topology under certain operating conditions
undergoes both forced and load commutation. Figs. 9 and 10
illustrate such a condition. The first part of the commutation is
forced with the voltage across device T1 increasing positively.
In the second portion, the device voltage is reversed and
the waveforms are characteristic of typical reverse recovery.
The current of device T1 during the first portion has the

correlate closely with the experimental data obtained. Tleharacteristic fall and tail current, but also goes negative
instantaneous power can be calculated using the simulatigpical of load commutation.
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B. Experimental and Simulation Results for a
Medium-Voltage Drive System Under Forced Commutation The experimental data presented is for a single switch with

A medium-voltage PWM CSI drive system connected tthe device voltage andi/dt inductance appropriately scaled.
a 1250-HP 4160-V 1200-RPM motor was used to furtheklthough the GTO’s are matched as closely as possible using

verify the model. The 4160-V drive system uses three GTO'’s
in series to make up the power switch of one leg of the inverter.
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the manufacturer’'s device data for fall time, storage time, —"**° 18.£2 W
reverse-recovery charge, and turn-on time, there will be differ- -see 30-Q2 TSN

ences in the device parameters. The simulation assumes that ° : T = ze == e
the behavior of each device in the series string is identicalg. 25. Variation ofvr, with R,.
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Fig. 26. Total of switching and snubber loss versus speed for a constant torque application.

The circuit parameters for the drive system were as followsof C, will help reduce the overshoot voltage, but also increase
the resistor loss proportionally.
Ly = L = Ly =28 uH measured,;
L, = L, = Ls = 0.4 uH measured; C. Experimentation and Simulation Results for a
R, = Ry = Ry =18 Q: Medium-Voltage Drive System Under Load Commutation

CL=Cy=C5 =2 uF; For load commutation, the circuit parameters were identical
to forced commutation, however, the initial voltage conditions
lac = 160 A; on the output filter capacitors wetg. = —1872 V and v, =
vpe = —1328V vy = 1579 V. 902 V. Figs. 19-22 give the current and voltage waveforms
for device T1, the outgoing device, and T3, the incoming

The devices used in the system were Toshiba SG800GXH®2#&yice. The experimental data and the simulation results are
4500 V and 800 A. Figs. 11-14 give the experimental data audry similar. The device modeling for the reverse recovery of
simulation results. The medium-voltage drive system measutee symmetric GTO requires the reverse-recovery time which
ments are very similar to those obtained in the laboratory wittan be obtained from the standard specification sheets. Data
the low-voltage equivalent circuit test setup, thus indicating available indicating reverse-recovery current versus rate of
the equivalent circuit model and device GTO model is viablall of forward current and reverse-recovery charge versus
for the PWM CSI system. Figs. 15-18 show variation afate of fall of forward current. This information allows one
circuit parameters and their effect am,, the voltage of to obtain the reverse-recovery timg at specific operating
device T1. GTO overshoot voltage for the forced commutatigroints. The simulated reverse-recovery current of Fig. 20(b)
condition is influenced by the snubber capacifaranddi/dt is representative of the actual current measured in Fig. 20(a).
snubber inductance. Larger valueafwill reduce the device The current decay in the last portion of the waveform uses
voltage overshoot, while larger valuesdif dt inductance will the exponential function of (20). The influence of component
increase the overshoot voltage since the stored energy in Hagiation is shown in Figs. 23-25. The snubber capacitor has
inductor will increase and thus be transferred to the capacitortually no effect on the peak reverse voltage during load
at device turn off. The snubber stray inductance contributesdommutation. However, théi/dt¢ inductance and snubber re-
the initial overshoot voltage as seen in Fig. 17. The larger tBistancel?, impact the device voltage significantly. THe/d¢
stray inductance, the higher will be the initial spike. The valueductance controls the rate of fall of current. Thus, larger val-
of snubber resistor has little effect on the device overall voltages of inductance will reduce the reverse-recovery cutgnt
under forced commutation. Its impact on device voltage igsulting in lower values of reverse peak voltage. For a given
only seen in the interval of snubber diode recovery. This i&lue of R, the peak voltage during reverse recovery will be
illustrated in Fig. 18. The resistor power dissipation, howevepartially set by the resistance aigd. Thus, higher values of
is directly linked to the size of snubber capacitor. Larger valudg, will result in higher values of peak reverse voltage.
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