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Abstract- In a two-quadrant soft-switching (TQSS) converter,
there are no switches available for current boosting because it
uses diodes in the current return path. Therefore, a new control-
timing scheme is proposed in this TQSS converter with only one
auxiliary branch to achieve near zero-voltage switching under all
load-conditions. In order to validate the proposed converter,
computer simulations and experimental results were conducted.
With the merits of simplicity and flexibility, the proposed TQSS
converter shows excellent performance and potential for various
industry applications including switched reluctance motor (SRM)
drives, high-frequency-high-voltage choppers, magnet drivers,
and magnetic resonance imaging (MRI) system applications.

I.  INTRODUCTION

There has been an increasing interest in the soft-switching
power conversion technologies in order to overcome the
limitations of the hard-switching technologies [1]-[7]. Soft-
switching (SS) converters had many advantages over hard-
switching (HS) converters. For example, SS converters lower
switching losses, reduce voltage/current stress, reduce EMI,
and allow a greater high switching frequency in high power
applications [1]. Despite the advantages of SS converters, its
applications have been so far limited due to complexity in the
design of SS circuits, and difficult in control redlization. There
has been a growing demand for a simple design that provides
reliable control in a wide-range of operationa condition.
Several SS techniques have been developed such as the
auxiliary resonant snubber inverter (RSI) [1], the auxiliary
resonant commutated pole inverter (ARCP) [3], [6], the
inductor coupled zero-voltage transition inverter (ZVT) [4]-[5],
and the resonant dc link inverter (RDCL) [2], [7], [8]. The RS
is suitable for single or three-phase inverters with multiple
branches of auxiliary circuits but needs modification of space
vector modulation to ensure zero voltage switching. The ARCP
requires large split capacitors to achieve a zero-voltage
switching. The ZVT requires bulky coupled inductors to reset
the resonant current. The RDCL needs a device voltage rating
higher than that which has been used in other converters. This
study found that the RSl can easily be extended to two-
guadrant chopper applications, but it must use a variable boost
current to meet different load current conditions. In a two-
quadrant soft-switching (TQSS) converter, there are no
switches available for current boosting because it uses diodes
in the current return path. Therefore, a new control-timing
scheme is proposed in this TQSS converter with only one
auxiliary branch to achieve near zero-voltage switching under
all load-conditions. In order to validate the proposed converter,
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Fig. 1. Proposed two-quadrant soft-switching converter.

computer simulations and experimental results were
conducted. The proposed converter has better operation with
respect to the converters described in [9-17]. In the simulation
and experimental results, the purpose of the comparison
between soft-switching and hard-switching was to investigate
the following characteristics. the voltage spike, EMI noise,
turn-off dv/dt, heat sink temperature, power loss and control
flexibility. With the merits of simplicity and flexibility, the
proposed TQSS converter shows excellent performance and
potential for various industry applications including switched
reluctance motor (SRM) drives, high-frequency-high-voltage
choppers, magnet drivers, and magnetic resonance imaging
(MRI) system applications.

Il. PrROPOSED CONVERTER TOPOLOGY AND ITS OPERATIONS

A. Operation Principles

Fig. 1 shows the proposed two-quadrant soft-switching
converter consisting of a pair of switches (S1 and S2), a pair of
diodes (D1 and D2), and one auxiliary switch. The two
switches are synchronously conducting or blocking depending
on the desired switching duties. Two diodes provide a
freewheeling current path and a reverse voltage across the load
to form a two-quadrant operation. Notice that the load current
is unidirectional. When the load current is flowing in diodes
D1 and D2, turning on S1 and S2 would shut off the diode
current, but on the other hand, produce a large diode reverse
recovery current and turn-on loss. Snubber capacitors are
added across the main devices to reduce turn off losses. The
auxiliary branch is connected between the two phase-legs or
across the load. This branch consists of one auxiliary switch,
one fast recovery diode, and one resonant inductor. Fig. 2
shows the key operating waveforms of the proposed converter
circuit.
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Fig. 2. Operational waveforms of the proposed converter.

B. Circuit Analysis

For a simple circuit analysis, it is assumed that the load
current remains constant during the one-cycle operation as
shown in Fig. 2. Under this assumption, analysis is performed
on the circuit for seven distinct operating modes in the period
[tO - t7]. Initialy at time t0, al the switches are off, and load
current flows through D1 and D2.
Mode MO (t0 — t1): Assuming that the load current is positive,
the free-wheeling diodes D1 and D2 conduct the load current,
and the main devices are off.
Mode M1 (t1 —t2): After the auxiliary switch, Sx, turns on, the

inductor current, |, , increases linearly until it equals the load

current |, . At this time, the current through D1 and D2 starts

to decrease slowly to zero. The slope can be determined as a
function of the resonant inductor and dc source as shown
below.
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where V, isthe total conducting voltage across the switching
devices. At time t2, the resonant inductor current| , equalsthe

load current | and the diode currents reach zero. The charging

timeiscalculated using:
L .1

t, -t =—-t 2
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In order to meet the energy baance requirement for the

resonant components, the aforementioned energy requirement

can be represented in (3):

Ly~ 2C (Vs -V,)? &)

where Cr is the equivalent resonant capacitance of the snubber
capacitors, when C1=C2=C3=C4=Cr. This relationship
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(a) Resonant stage circuit
Fig. 3. Equivalent circuit during resonant mode.

(b) Simplified equivalent circuit

indicates that the resonant capacitors, which are across the
main devices, are either fully charged or discharged during
resonance.

Mode M2 (t2 — t3): The diodes, D1 and D2, are turned off
naturally, when the resonant current is larger than the load
current. The resonant capacitor and inductor resonate to
discharge the capacitor voltage across the main switches. At
time t2, theinitial device voltages, V andV,, , are equal toV .
Fig. 3 shows the equivalent circuit during M 2 mode, where the
inductor is replaced by a current source, |, . The initial value
for the inductor current, | ., isl,, and for the resonant
capacitor voltage,V,, , isVg. Under these conditions, the
resonant capacitor voltage and inductor current can be
expressed as.

Ve, (1) =Vs. (1~ cos(wt))

4
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At time t3, when the resonating cycle begins, V, reaches zero

and the parallel diodes of S1 and S2 provide a path for the
resonant-current to control. The capacitor across the switch
discharges at afinite rate allowing the switch voltage to drop to
Zero.

Mode M3 (t3 — t4): By the end of the resonant period, t3, the
snubber capacitors are discharged to zero voltage. At this
moment, the main switch can be turned on easily under zero-
voltage condition. Without extravagant sensing, it is difficult to
turn on the main switch at the exact moment the capacitor
voltage drops to zero. Therefore, the main switch can only be
turned on under a near-zero-voltage condition. When the main
switches turn on, the inductor current decreases linearly due to
reverse voltage polarity of the opposite diode.

Mode M4 (t4 — t5): The resonant current decreases until it hits
zero at t4. The auxiliary switch and diode are then turned off
under zero-current condition at t5. The main switches now
conduct the load current. The auxiliary switch and diode are
both turned off after time t4.

Mode M5 (t6 - t7): After the steady-state, (t5-t6), the main
switches turn off without loss using snubber capacitors, which
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Fig. 4. Simulated current and voltage waveforms of the converter under soft-
switching.
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Fig. 5. Soft-switching state-plane trajectory diagram.

carry the load current until diodes D1 and D2 turn on and the
operation returnsto MO.

I1l. CONVERTER CHARACTERISTICS

In This study, the proposed TQSS converter is characterized
and modeled the converter’s control flexibility by using PSIM
circuit simulator.

A. Soft-Switching Sate-Plane Trajectory

In order to design the soft-switching circuit, the state plane
tragjectory diagram can be used widely. Fig. 4 shows the key
waveforms of the proposed converter when the dc bus voltage
is 300-V and the load current is 25-A. It can be seen that the
main switches operate well under near zero-voltage condition.
Fig. 5 shows the state-plane trgjectory for the same operating
conditions. This diagram explains operational modes of the
proposed converter. It is clear that the resonant tank impedance
is independent of the load current condition as shown in (Fig.
4). The peak value of the resonant currentis (1, — 1, ). Asthe

load current increases the duration of the pre-charging modes

- Sy

] T,
el PT m PWM e
1 T Timing
delay
Ip

5, &5,

(a) Soft-switching control scheme

A
PFM Ton Torr |
i T,
T 1
5 &S, | S | [
— T, —> -

(b) Gate signals

Fig. 6. Control block diagram under soft-switching.

M1 and discharging modes M3 increase. The selection of the
resonant capacitor is very crucial for proper operation of the
circuit, because the resonant capacitor reduces the turn-off loss
and turn-off dv/dt of the device. A larger size capacitor can
reduce the turn-off loss and dv/dt. However, the extra energy
stored in the resonant capacitor needs to be discharged during
turn on. So, the capacitor size should be optimized so that both
turn-on and turn-off losses are reduced. The rate of change of
voltage across the resonant capacitor can be expressed as:

Vee _law ©
d C

r

where,V . is the collect-emitter voltage, and | 4, is the device

current, which equals to the load current, |, , during switching.

After selecting the resonant capacitor, the resonant inductor
should be designed based on peak resonant current and the
time to reach peak resonant current. These two factors can also
be trand ated into the resonant tank impedance Zr (= /L, /C, )

and its resonant frequency fr (:]/27:,/chr ). Using the
values selected for the resonant capacitor and inductor, the
auxiliary switch conduction timeT, isasfollows:

Taw =2(L, 1) Vg + 7yL,.C,) ©

B. Control Flexibility

The proposed converter has a very flexible control scheme
for wide variation in load current. This is because the resonant
current follows the load current. Fig. 6 shows the control block
diagram of the converter and its gate signals for soft-switching
operations. The gate signals for the S1 and S2 have atime
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Fig. 7. Proposed two quadrant soft switched converter in PSIM software.

delay of T, and the S, signal has a fixed short pulse of T,

generated by the PWM signal, whenever the rising edge on the
PWM signals through the proportional-integrated (Pl) current
controller occurs. The parameters used in the experiment are
explained as the following section.

IV. SIMULATION RESULTS

The proposed two quadrant soft switched converter in the
PSIM software environment is shown in Fig. 7. The following
circuit parameters have been used in simulations:

1) A dual IGBT module at 600V - 200A was used;
2) Theresonant capacitors used were 0.14F - 600V

Polypropylene capacitors;
3) Theresonant inductor used was 4.3uH ;
4) Theauxiliary switch chosen was a 50A - 600V IGBT;
5) Theblocking auxiliary diode was chosen as an
HFAS50PA60C rated at 50A - 600V; and
6) Theauxiliary conducting time used was 54S .

The waveforms of i, vy, S, i, Vg, S,are shown in Fig.
8 also the wave form of 1 is shown in Fig. 9. The simulation
results show that the proposed two quadrant soft switched
converter has the proper response and the current iL is very

easily controlled using hysteresis control method.

V. EXPERIMENTAL RESULTS

A Prototype of the proposed converter, as shown in Fig. 10 has
been built in the laboratory. The newly proposed converter
operates with an input voltage Vs = 6V, output voltage

Vo = 2V, load current of 0.4A and a switching frequency of
50 kHz. The clock signal in a time period of one switching
cycleisshowninFig. 11. The V4 waveforms of switches S,

S,and S, inatime period of one switching cycle are shown

in Fig. 12, Fig. 13, and Fig. 14 respectively. The output DC
current is shown in Fig. 15.
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Fig. 10. Prototype of the proposed converter.

Fig.11. The clock signal, Volt/Div 2v, Time/Div 5us.

Fig.12. The VDS waveforms of switch S., Volt/Div 2v , Time/Div 5us. Fig.15 . The output DC current VVolt/Div 2v, Time/Div 20us.



V1. CONCLUSION

In this section, a new soft-switching converter topology with
a simple resonant snubber circuit was proposed and was
verified fully for working conditions with an inductive load. In
order to verify performance of the proposed converter, circuit
simulations using PSIM software and experimental results
were given. With the merits of simplicity and flexibility, the
proposed TQSS converter shows excellent performance and
potential for various industry applications including switched
reluctance motor (SRM) drives, high-frequency-high-voltage
choppers, magnet drivers, and magnetic resonance imaging
(MRI) system applications.
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