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Abstract-An auxiliary quasi-resonant dc tank (AQRDCT)
inverter is presented for achieving soft-switching. An AQRDCT
circuit is coupled directly across a dc bus to the inverter to
generate a quasi-resonant dc bus voltage. It consists of two
auxiliary switches connected in the common phase leg fashion as
an auxiliary switch leg, two resonant capacitors connected in
series as a resonant leg, a pair of dc capacitors connected in
series as a dc tank, and a resonant inductor in series with the
lower device of the auxiliary switch leg. The AQRDCT circuit
resonantly brings the dc bus voltage to zero in order to provide
a zero-voltage switching interval for the main inverter to switch,
then quickly rebounds back to the dc tank voltage after the main
inverter changes state. The auxiliary switches are turned on and
off softly as well. The AQRDCT circuit absorbs only ripples of
the inverter dc bus current, thus having less current stress. In
addition, since the AQRDCT circuit is coupled in parallel with
the dc power supply and the inverter for merely assisting soft-
switching of the inverter without participating in real dc power
transmission and power conversion, malfunction and failure of
the tank circuit will not affect the functional operation of the
inverter; thus a highly reliable inverter system is expected. A
100 kW (150 kVA) continuous power AQRDCT inverter has
been built, fully tested, and put into a 22-foot electric bus for
traction drive. Tested results showed good efficiency, reduced
EMI, and reliable operation. This paper describes the operating
principle and control and reports the test results.

I. INTRODUCTION

To reduce switching losses and alleviate
electromagnetic interference (EMI), a soft switching
technique has been developed for power inverters. For
example, one pioneer soft-switching inverter is an active
clamped resonant dc link (ACRDCL) inverter [1] developed
by D. Divan et al in U.S. Pat. No. 4,864,483, issued Sept. 5,
1989. In the ACRDCL inverter, a resonant circuit,
incorporated with an active clamping switch and clamping
capacitor, is used as an interface between a dc power supply
and a dc bus supplying the inverter. The ACRDCL resonates
periodically, bringing the dc link voltage to zero once each
cycle. The inverter switching devices are switched on and off
at zero-voltage instants of the resonant dc link, thus achieving
lossless switching. However, the ACRDCL inverter has
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some disadvantages, such as, high voltage stress across the
inverter switches and continuous resonant operation of the dc
link. To overcome the disadvantages of the ACRDCL
inverter, an auxiliary quasi-resonant dc link (AQRDCL)
inverter [2] was developed by R. De Donker et al in U.S. Pat.
No. 5,172,309, issued Dec. 15, 1992. The AQRDCL inverter
is employed to achieve soft-switching in an inverter coupled
to a dc power supply via a resonant dc link circuit. The
resonant dc link circuit includes a clamping switch limiting
the dc bus voltage across the inverter to the positive rail
voltage of the dc supply and auxiliary switching device(s)
assisting resonant operation of the resonant bus to zero
voltage in order to provide a zero-voltage switching
opportunity for the inverter switching devices as the inverter
changes state. There are many other resonant and quasi-
resonant dc link inverters [3-8].

Despite their advantages, soft-switching resonant and
quasi-resonant dc link inverters have the following common
disadvantages: (1) The resonant dc link circuit acts as an
interface (i.e., a dc-to-dc inverter) between the dc power
supply and the inverter and needs to transmit real power and
to carry dc current from the dc power supply to the inverter or
from the inverter back to the dc power supply via switch(es)
and/or resonant component(s), which can lead to significant
power losses; (2) The voltage clamping, voltage control, and
charge balancing become difficult due to the real power
transmission; (3) The current stress on the auxiliary
switch(es) and clamping switch(es) is at least as high as that
on the inverter main switches; and (4) Two resonant dc link
circuits are needed in some resonant DC link circuits for an
ac-to-dc-to-ac inverter to implement soft-switching at both
the ac-to-dc power conversion stage and the dc-to-ac power
conversion stage.

Additional aspects about controversial soft switching
are cost and control difficulties, since soft-switching inverters
rely on additional devices that increase cost and control
complexity. Therefore, many contributors continue searching
for new soft-switching power inverters that can overcome or
alleviate the disadvantages of today’s soft-switching
inverters.

Prepared by Oak Ridge National Laboratory, Oak Ridge, Tennessee 37831-8038, managed by Lockheed Martin Energy Research Corp. for the U.S.

The submitted manuscript has been authored by a contractor of the U. S. Government under contract No. DE-AC05-960R22464. Accordingly, the U.S.
Government retains a nonexclusive, royalty-free license to publish or reproduce the published form of this contribution, or allow others to do so, for U.S.

Government purposes



An auxiliary quasi-resonant dc tank (AQRDCT) inverter
is presented for achieving soft-switching. An AQRDCT
circuit is coupled directly across a dc bus to the inverter to
generate a quasi-resonant dc bus voltage. The AQRDCT
circuit resonantly brings the dc bus voltage to zero in order to
provide a zero-voltage switching interval for the main
inverter to switch, then quickly rebounds back to the dc tank
voltage after the main inverter changes state. The auxiliary
switches are turned on and off softly as well. The AQRDCT
circuit has several advantages over traditional resonant links,
such as less current stress and more reliability. A 100 kW
(150 kVA) continuous power AQRDCT inverter has been
built, fully tested, and put into a 22-foot electric bus for
traction drive. This paper describes the operating principle
and control and reports the test results.

I1. AQRDCT INVERTER AND OPERATING PRINCIPLE

A. AQRDCT Inverter

Fig. 1 illustrates the proposed AQRDCT inverter. The
AQRDCT inverter includes a dc power supply shown as Vdc
with an internal dc inductor, Ld, connected to a dc bus and a
quasi-resonant dc tank circuit coupled across the dc bus,
which directly feeds the main inverter. It should be noted
that the AQRDCT is employed to generate a quasi-resonant
dc bus voltage while dc power is transmitted from the dc
supply to the inverter or from the inverter back to the dc
supply directly. This is advantageously different from the
resonant and quasi-resonant DC link inverters.  The
AQRDCT circuit consists of a pair of resonant capacitors Crl
and Cr2 connected in series as a resonant leg, a pair of dc
tank capacitors Ct1 and Ct2 connected in series as a tank leg,
a pair of auxiliary switches (diodes) Sap (Dap) and San (Dan)
connected in series as an auxiliary leg, and a resonant
inductor Lr. The tank capacitors Ctl and Ct2 are equivalent
to the traditional dc capacitor. They are 4,000 uF electrolytic
caps in the 100 kW prototype. The resonant capacitors Crl
and Cr2 are 0.44 pyF. The resonant inductor is 0.8 pH. The
dc power supply can be implemented as shown in Fig. 2,
where a dc choke or ac inductor is used. Such dc or ac
inductors are commonly used in ac drives.

B. AQRDCT Operating Principle

Fig. 3 shows the equivalent circuit of the AQRDCT
inverter of Fig. 1 as seen from the AQRDCT circuit and
illustrative waveforms for understanding the operation. In
Fig. 3, switching device Seq and diode Deq represent the
equivalent switch and diode of the main switching devices,
S1-S6, and the antiparallel diodes, D1-D6, of the main
inverter, respectively. The current that flows into the
AQRDCT circuit is the tank current, lo, represented by

lo =Id —1i, 1)

where Id is the dc supply current and li is the inverter dc bus
current as shown in Fig. 1. Therefore, the AQRDCT circuit
absorbs only the difference of the inverter bus current and the
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dc supply output current. It should be also noted that an
average value of tank current lo equals zero neglecting losses
of the AQRDCT circuit. Advantageously, current stress of
the auxiliary switching devices Sap (Dap) and San (Dan) is
much smaller than that of the devices used in the existing
resonant and quasi-resonant inverters. The following section
describes the detailed operating principle and control
sequence. It explains how the AQRDCT circuit first brings
the dc bus voltage, Vbus, to zero and generates a brief zero-
voltage interval for the main switching devices to switch,
after which it rapidly brings the bus voltage back to normal.

C. AQRDCT Operating Modes and Control Sequence

Fig. 4 shows the operating modes and control sequence
(gating timings) during one switching instance. Figs. 5a
through 51 show each operating mode and its current flow in
the AQRDCT inverter, where the bold-lined device(s) and
component(s) conduct current. Fig. 5a shows the initial
condition, assuming tank current lo initially flows in
clamping diode Dap. Clamping switch Sap is gated on
although it carries no current. When the main inverter needs
to change states, the auxiliary resonant circuit is triggered
into conduction by gating on auxiliary switch San at t1 as
shown in Figs. 4 and 5b. A current is established in resonant
inductor Lr while holding clamping switch, Sap, closed.
When the current in resonant inductor, Lr, becomes larger
than lo, clamping switch, Sap, conducts at t1' and the current
path is shown in Fig. 5¢. Further when this resonant inductor
current reaches a specified level (lo+lp)!, clamping switch
Sap is gated off at t2. Consequently, this resonant inductor
current charges and discharges resonant capacitors Crl and
Cr2, respectively, thus assisting resonance of the dc bus
down to zero voltage as shown in Fig. 5d. After the dc bus
voltage, Vbus, reaches zero and the resonant inductor current
attempts to negatively charge resonant capacitor, Cr2, the
equivalent diode, Deq, takes over the surplus current
clamping the dc bus voltage to zero as illustrated in Fig. 5e.
At this point, all the main switches of the inverter are gated
on, thus forming a shorted circuit (equivalently producing
zero-vector output). In other words, the inverter dc bus
current, li, circulates through the inverter itself. The resonant
inductor current decreases since voltage V2 is against the
current. When the resonant inductor current becomes less
than dc supply current, Id, equivalent switch Seq conducts at
t3' and its current path is shown in Fig. 5f. The resonant
inductor current will decay to zero and reverse its direction.
Diode Dan picks up the current as shown in Fig. 5g. After
the reverse resonant inductor current reaches a specified level
the inverter changes state at t5 and equivalent switch Seq
turns off. The resonant inductor current charges and
discharges resonant capacitors Cr2 and Crl, respectively,
thus bringing the dc bus voltage back to the dc tank voltage
(Fig. 5h). When the dc bus voltage attempts to overshoot the

1 Ip is a bias current to compensate losses and ensure voltage to resonate to
zero.
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dc tank voltage, clamping Diode, Dap, conducts as shown
in Fig. 5i. At this point, clamping switch Sap is gated on and
will conduct when the resonant inductor current becomes less
than (Id-li) as shown in Fig. 4j. The resonant inductor
current decreases to zero, the dc bus voltage is clamped to the
dc tank voltage through clamping switch Sap as shown in
Fig. 5k (back to Mode 0). Here it is assumed that the tank
current lo reverses after the main inverter changes state at t5
as shown in the solid line in Fig. 4. However, if lo changes
to a positive level as shown in dashed line in Fig. 4, clamping
diode Dap conducts and clamps the bus voltage to the tank
voltage as shown in Fig. 5l. The dc tank voltage is
automatically balanced at a voltage level, Vt, slightly higher
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than the dc supply voltage, Vdc, so that the average value of
the resonant dc bus voltage, Vbus, is equal to the dc supply
voltage, Vdc, neglecting losses in dc inductor, Ld, and
clamping devices, Sap and Dap.

When a relatively high tank current, lo, initially flows in
clamping switch, Sap, there is no need to gate on auxiliary
switching device San. A sufficiently high tank current, lo,
can discharge resonant capacitor, Cr2, and bring the dc bus
voltage to zero by directly turning off clamping switch, Sap.
After the dc bus voltage reaches zero, equivalent diode, Deq,
takes over tank current lo and clamps the dc bus voltage to
zero. Then the same control just described is employed to
resonate the dc bus voltage back to the tank voltage.
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I11. 100 KW-150 KVA AQRDCT INVERTER
IMPLEMENTATION, CONTROL, AND RESULTS

A 100 kW (150 kVA) AQRDCT inverter has been built.
The soft-switching control was implemented on an Altera
chip (EPM5130). After extensive testing at lab, the inverter
was used in the traction drive of a 22-ft electric bus. Fig. 6
shows the 100 kW AQRDCT inverter and the electric bus
photos. The AQRDCT inverter has been put into the bus to
drive an induction motor. The dc power supply is the traction
battery rated at 338V when fully charged. The dc terminal
voltage can rise to nearly 400V during regenerative braking.
The rated motor current is 300A rms.
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Fig. 7 shows some waveforms during acceleration of the
vehicle. Figs. 8 and 9 show zoom-ups of Fig. 7. When the
main inverter wants to switch, a resonant inductor current
pulse, Ir, is generated by gating on the auxiliary switch San.
The resonant inductor current, Ir, discharges and charges the
resonant capacitors, Cr2 and Crl, thus bringing the dc bus
voltage, Vbus, down to zero. When the dc bus voltage
reaches zero, all the main switches are gated on to maintain
zero voltage level and produce a negative resonant current
pulse. After the main inverter switches change to a desired
state, the established negative resonant inductor current pulse
brings the dc bus voltage back to normal. Fig. 8 clearly
shows this operation. In Fig. 9, it is shown that the resonant
inductor current varies with the tank current lo. When a
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Fig. 6. Photos of the 100 kW soft-switching inverter and electric bus.
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Fig. 7. Inverter and motor waveforms. Fig. 8. Zoom-up of Fig. 7 showing how the resonant current produces a

notched dc bus voltage —a zero voltage interval.
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which is dependent up the initial tank current.



relatively high tank current lo initially flows in clamping
switch Sap, there is no need to gate on auxiliary switching
device San. Therefore, no positive resonant current pulse is
generated in the third switching instant as shown in Fig. 9. In
this way, the resonant current can be minimized and
efficiency can be further improved. In Figs. 7, 8 and 9, the
motor current, Imotor, is also shown. Fig. 10 shows the
measured efficiency of the inverter. A typical 10 kW
industry hard-switching inverter’s efficiency is shown for
reference purpose because that was the only data available to
the authors.

IVV. CONCLUSIONS

This paper has presented a quasi-resonant tank inverter
as a new soft-switching alternative. A 100 kW prototype has
been built and put into a real electric bus for traction drive.
Extensive road tests have shown good reliability, high
efficiency, low EMI, and many other new features such as the
almost constant dc supply current. In the electric bus the dc
supply current is the battery current. This constant dc battery
current is very friendly to the battery and reduces battery
temperature  rise, thus extending battery lifetime
tremendously.
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