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ABSTRACT

A new zero voltage switching partial-resonant link AC/AC
converter which overcomes the shortcomings of conventional
resonant ac and dc link AC/AC schemes and consists of only 12
unidirectional switches is proposed. The proposed converter syn-
thesizes output ac waveforms with integrals of high-frequency
current pulses like series-resonant converters. But switching opera-
tions occur at zero voltage instants instead of at zero current
instants. The partial-resonant link normally does not resonate dur-
ing entire operation interval but does only for the duration of
switching transients. In particular, the proposed converter can
casily and exactly control individual current pulse amplitude in each
switching cycle. Symmetrical configuration of the power scheme
also provides fully regenerative operation with buck-boost capabil-
ity. The advantages of the proposed scheme are shown through
analyses and simulation results.

I. INTRODUCTION

In general, switching schemes with high frequency resonant
AC/AC converters can be classified according to their resonant
ac-link and dc-link modes. The high frequency link AC/AC con-
verter using resonant ac- or dc- link schemes which utilize high
speed devices such as fast recovery transistors and GTOs have been
reported extensively [1]-[9]. These converters not only have high
power density but also reduce or eliminate switching loss since con-
verter switching occurs at zero crossings of the link voltage or
current and thus enable the total system to operate at very high fre-
quency. Further, the use of the high frequency resonant link speeds
up the system response, reduces acoustic noise and provides high

resolution output waveforms.

The ac resonant circuit, however, impresses both polarities of
ac voltage and current on the link [1]-[3]. The converter switches
should be bidirectional, which are usually realized by two inverse-
parallel transistors or thyristors for the series and parallel-resonant
circuits. As a result, the resonant ac link AC/AC converter
requires a total of 12 bidirectional switches or 24 transistors or
thyristors for full double bridge. In addition, since the resonant
ac-link converters transfer power via resonant tanks, excessive VA
ratings of the LC components and the device are usually required
to maintain continuous oscillations.

Recent new approaches, using series- or parallel-resonant dc
link schemes are proposed in [4]-[7]. The dc link circuit realizes
pulsating dc currents or voltages by adding dc offsets to ac-
resonant current or voltage to use unidirectional switches. Thus
such a system has simple configuration having only 12 unidirec-
tional devices. However their common several main disadvantages
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Fig. 1 Proposed zero voltage switching partial-resonant link AC/AC
converter.
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Fig. 2 Typical waveforms illustrating the operation principles of the
proposed converter.

are, first they require either large dc inductor or capacitor, second
they require high VAR raings of resonant elements L, and C, due
to full-cycle resonant operation, and third they have high dissipa-
tions in the inductor and capacitor. Besides they require additional
clamping circuits and substantially complex controls to prevent
excess overcharge of the resonant capacitor or current pulse fluc-
tuations under transient conditions {5],[7].

A somewhat different type of series-resonant AC/AC con-
verter with reduced number of switches is proposed in [8]. In this
case, the converter also requires only 12 unidirectional and natural
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current commutation switches. However, it also has similar
inherent shortcomings in the power transfer and control method [9]
such as high VAR ratings of resonant elements, partly hard switch-
ing, and high voltage and current stresses.

In this paper, a new zero voltage switching partial-resonant
link AC/AC converter which overcomes most of the aforemen-
tioned disadvantages and consists of 12 unidirectional switches is
proposed. The proposed converter synthesizes output ac waveforms
by integrating high-frequency current pulses like series-resonant con-
verters. But switching transients does not occur at zero current
instants but at zero voltage instants. The partial-resonant link nor-
mally does not resonate during entire operation interval but operates
only during the switching transients to ensure zero voltage switching
condition. Thus this converter has low VAR ratings of resonant
elements L, and C, and has low dissipations. In particular, the
proposed converter can control individual current pulse amplitude
very easily in each switching cycle, which enables improving the
output voltage waveform and solving the instability problem usually
caused by parasitic resonance between output capacitor C, and load
inductance L, [6]-[7]. Symmetrical arrangement of power circuit
in the proposed converter also provides fully regenerative operation
together with buck-boost capability. The advantages of the pro-
posed scheme are shown through analyses and simulation results.

II. PRINCIPLE OF OPERATION

The proposed partial-resonant link AC/AC converter confi-
guration is shown in Fig. 1, which is composed of double full
bridge, partial-resonant link, output filter capacitor tank and load.
The power circuit requires minimum number of 12 unidirectional
devices and has complete symmetricity. The partial-resonant link
consists of one small inductor and one capacitor. The value of
resonant capacitor is very small compared with that of output filter
capacitors.

Each switching cycle can be divided into four modes, that is,
energizing, de-energizing and two resonant modes according to the
direction of energy flow to the resonant inductor L, as shown in
Fig. 2.

(I). Mode 1 (energizing) : Two of switches, §;; and S35, are
on-state and the others are off-state as shown in Fig. 3(a). L,C,
tank remains connected to AC source line-line voltage V,,, and the
inductor current is given by

a, V
L seb 1)
dt L

r

The inductor current increases linearly to a certain value required
to compensate output voltage error. When the inductor current
reaches the required value I, , switches §;; and S5 are turned
off under zero voltage switching condition.

(II). Mode 2 (partial-resonant) : All the switches remain off-
state. The partial-resonant link L, and C, resonate partially in
order to ensure zero voltage turn-on condition of on-coming
switches S§,, §,4. Thus the resonant capacitor voltage V.
decreases via zero down to on-coming output line-to-line voltage
Voap - When V. becomes equal to V. switches §,, and §,, are
turned on with zero voltage switching condition.

(III). Mode 3 (de-energizing) : L C, tank remains connected
to the output line-to-line voltage to which the stored inductor energy
is delivered so as to compensate the output voltage error. The
inductor current decreases linearly to a predetermined value 7, .
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regenerative operation.



The current value is needed minimally to change the resonant capa-
citor voltage to on-coming input line-to-line voltage to which L C,
tank is connected for next switching cycle. When the inductor
current becomes equal to the minimum current, switches §,, and
§,4 are turned off.

(IV). Mode 4 (partial-resonant) : All the switches remain off
state. The partial-resonant link resonates for approximately one
resonant period until the resonant capacitor voltage reaches to the
cqual value of the next on-coming input line-to-line voltage. When
the capacitor voltage becomes equal to the next-connected input
voltage, related switches are turned-on under zero voltage switching
condition. Thus next switching cycle starts.

Even though the operation modes are illustrated for powering
state, symmetrical characteristic of the power circuit provides fully
regenerative operation as well as buck-boost capability as shown in

Fig. 3(b). During energizing mode, the energy from AC source is
transferred to the resonant inductor. The amount of energy
1oz

1peax Stored in the inductor is delivered to AC load during

;Lrl
de-cnergizing mode. By repeating this process alternately, we can
transfer power from AC source to AC load and can also synthesize
three phase output voltages. In particular we can easily control the
amount of the stored energy or current pulse amplitude Tipear BY
controfling time-interval T (=t;—t,) of energizing mode as given
by

V.rab
—T1p-

r

leeak = (2)
depending on the output voltage error. The amplitude control of
individual current pulse together with high switching frequency
operation makes it possible to control an output phase voltage
exactly and fastly. Thus output voltage waveform can have high
quality without having any oscillation problems.

During two resonant modes, the partial-resonant link L, and
disconnected from AC source and load, and partially
The resonant inductor current charges or discharges the

C, is
resonates.
resonant capacitor until the capacitor voltage equals to the on-
coming line-line voltage to be switched on zero voltage condition
for the next switches. By this partial-resonant operation, it has so
many merits such as low VAR rating of resonant elements, low
dissipations, low voltage and current stress, current-pulse amplitude

control, etc. compared with other converters [4]-[8].

As mentioned earlier, the proposed converter synthesizes out-
put ac waveforms by integrating high-frequency current pulses like
scrics-resonant converters. Switching transients occur with zero vol-
tage crossings instead of zero current crossings. The partial-
resonant link resonates only for the duration of switching transients
to ensure zero voltage switching condition, and normally it does not
resonate over the entire operation interval. Thus the resonant
capacitor is minimally involved in the main power transfer and is
used mainly for snubbing or resonant operation for zero voltage
switching.

I11. OUTPUT VOLTAGE REGULATION METHOD

Fig. 4 shows an overall control block diagram of the proposed
converter to regulate three-phase output voltages. It can be
operated to regulate three-phase load currents for such an applica-
tion as induction motor drive. In Fig. 4, the controller compares
the reference signals of three line-to-line output voltages with their
feedback signals and generates three errors (e,,,, €,5c» €ocq ). Lhe
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Fig. 4 Overall control block diagram of proposed converter.

line-to-line output voltage having the largest absolute error can be
chosen for voltage regulation. Output selection logic also deter-
mines the direction of power flow (DPF), if the system operates on
either powering or regenerative mode by sensing both polarities of

the largest error and the corresponding reference voltage. The
direction of power flow can be logically given by
DPF =S5 Sp +5; 5, 3)

where S, is the sign of the largest error and Sy is the reference
voltage sign. These processes are performed at the start point of
mode 4 of last switching cycle. In addition, at the time point, the
controller should compute the Ip,,,. required to compensate the
output voltage error.

Under no load condition, the amount of energy for compensa-
tion can be expressed as

1 .2 2
AW:;Ceq v oab V' oab) “@
_ 1
where C,q—ECf

if the line-line output voltage having the largest error is V,,, .
The corresponding peak value of current pulse can be given by
2AW

L

r

leeak'—' (5)
The required energy should be stored in the resonant inductor dur-
ing energizing mode of present switching cycle and then be
transferred to the line-line output voltage during de-energizing
mode. Thus, the output voltage error could be corrected exactly.

In the actual operation, the output voltage should be regulated
to minimize the output voitage error for any load condition within
a certain limit range. Thus the controller should be designed to
have feedback loop containing an adaptive gain loop. Assuming
that | V" ., —V,a | is sufficiently small and substituting Eq. (4)
into Eq. (5) we can modify Eq. (5) as

* -
2ceq Voab /Lr | Voab "“Voab ’ . (6)
The modified equation can be written as follows to be considered

in the feedback loop as

Y Lpeak =

* oab

I 1%

N
Lpeak =X I Voar ~V ™

This relation can be easily implemented in the controller as shown
Fig. 4.
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IV. ANALYSIS AND CHARACTERISTICS
OF THE PROPOSED CONVERTER

Assuming that the load inductor and output filter capacitor
are much greater than the resonant inductor L, and resonant capa-
citor C, the equivalent circuit of the system during each switching
cycle can be reduced as shown in Fig. 5. During energizing mode
(mode 1), the resonant capacitor voltage is clamped to source side
line-line voltage V, and the inductor current increases linearly as

Vs
I =I, (10)+-Z—(t—to) ®)

r
Vo=V, ©)
When the inductor current reaches the desired value I, Sy
and S5 are turned off. During partial-resonant mode (mode 2),
the partial-resonant link L,C, tank resonates partially at an isolated
state from other circuits. The capacitor voltage and inductor
current are given by

(10)

)
sinw(t —1;)

rr

Ve =V (t)cosa(t ~t,)—w L1} (t;)sinw(t —1,)

Iy =I, (t;)cosw(t —1)+

1)
V(. decreases via zero down to V,,, thus ensuring zero voltage turn
on condition of on-coming switches §,,5,,. When V, becomes
equal to V,,, the on-coming switches can conduct on like diodes if
the switch gating signals are applied in advance. Thus on-current
transient such as spike currents can be eliminated. During de-
energizing mode (mode 3) the resonant capacitor voltage is limited
to output voltage V,. The resonant inductor current is de-
energized by the output voltage. The capacitor voltage and induc-
tor current are given by

VO
Iy =1 ('z)“L_('“fz) (12)

(13)

When I, reaches the predetermined minimum current, §,,5,4 are
turned-off. During mode 4, all of the switches are off-state like
mode 2 and the capacitor voltage and inductor current are given by

Ve=Vo

) sinw(t —13)

w, L,

(14)

I =I, (t3)cosw(t —t3)+

Ve =V (t3)coso(t —t3)—a L I; (t3)sina(r —13)

15)
When V. reaches to the equal value of the next on-coming input
line-line voltage, S;4Sy5 can turn on like diode if pre-triggering
signals are given and the next switching cycle starts

In mode 4 the resonant capacitor voltage has two peak values
which become equal if neglecting ESR losses in the L,C, tank as
shown in Fig 2. The peak voltage is given by

Vepeak = J Z11(13)+ v (ts) (16)
where
z, = ;L,/C, an

and can be plotted as shown in Fig. 6. The resonant peak voltage
can be clamped to a certain value by properly controlling I, (15),

the predetermined minimum current /_; , so that the low switch
voltage stress is limited to as low as 1.2 V , without adding any
clamping circuit.
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Fig. 5 (a) Equivalent circuit, (b) mode diagrams of the proposed
converter during one switching cycle Ty ( T; « T, (fundamental output
period)).
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The duration of mode 4 can be expressed as

AT =141,
1 _ Yo 1 _ Vs
=T,( 1-—tan" ' —————tan" ' ————) (18)
2w oL 27 o LT ..
where
T,=2m / LC, (19)

It can be plotted as shown in Fig. 7 as a function of f, ( = V T,)
for several V, and V. Fig. 8 shows the ratio of ATT; with
respect to V,/Vg for several output currents I,. The ratio varies
smoothly when V,,/Vs increase from buck region to boost region
whercas when the output current increases from 4[A] to 14[A] it
reduces so much. Consequently, the ratio of AT, to Ty decrease so
rapidly depending on the increasing output power.

Fig. 9 shows the ratio of I, to I, as a function of
V!V for several output currents I, . The ratio is relatively larger
for smaller range of I, because AT, has relatively large portion of
Ty as shown in Fig. 8. The ratio, however, decreases with increas-
ing I, and thus the peak values of resonant inductor current are
slightly larger than the output current I, but not too much. Con-
sequently, the VAR rating of the resonant elements and switch
current stresses become small.

()

p—
—
~

(@

Fig. 10 Typical waveforms of proposed converter (a) three input
line-line voltages, (b) resonant inductor current 7, (c) resonant
capacitor voltage V. and (d) three output line-line voltages.
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Fig. 9 The ratio of /,,., to output load current /, as a function of V,/V;
as a function of output load current I, at Vg =310[V].

V. SIMULATION RESULTS

In order to verify the operation principle and predicted
features, the proposed converter of Fig. 1 is simulated with simple
R-L load at 220 [V], 60 [Hz] voltage source. The parameters
used here are as follows :

L, =60 pH
C, = 150 nF
C; =10 pH

Prut toaa = 2 [W]

Switching frequency ranges over 10 [kHz]. Fig. 10 shows typical
waveforms of resonant inductor current /; , resonant capacitor vol-
tage V., three output and input line-line voltages. Fig. 11 shows
one waveform of three output line-line voltages in the case of
abrupt change of output voltage reference from 150 [V] to 300 [V]
when the input line-line voltage is 220 [V]. It illustrates good out-
put waveform and buck-boost operation of the proposed converter.
Fig. 12 and Fig. 13 also show one waveform of three output line-
line voltages when the output frequency changes abruptly from 30
[Hz] to 60 [Hz] and when the output power changes from 1 [kW]
to 2 [kW], respectively. Fig. 13 shows a slightly larger deviation
from its references as the load power is increased because it is
operated without any feedback from three phase load currents. As
shown in Fig. 11, 12 and 13 the proposed converter has fast system
response and high spectral performance, and doesn’t show any ins-
tability problem.
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Fig. 11 One of three line-line output voltages in case of abrupt
voltage reference from 150 [V] to 300 [V] at P, = 2[kW]
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Fig. 12 One of three line-line output voltages in case of abrupt
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Fig. 13 One of three line-line output voltages in case of abrupt load
change from 1 [kW] to 2 [kW] at f, =60[Hz]

VI. CONCLUSION

In this paper a new zero voltage switching partial-resonant
link AC/AC converter is proposed. The new scheme has very sim-
ple structure having only 12 unidirectional devices. Partial-resonant
operation happens only for the duration of short switching transients
and results in low VAR ratings of the resonant elements, low dissi-
pations in the capacitor and inductor which usually have effective

862

series resistances. Further, by properly controlling the partial-
resonant mode (mode 4) the switch voltage stress can be limited to
almost supply voltage even without adding any clamping circuits.

The proposed converter can easily control current pulse ampli-
tude, which enables the converter to improve the output waveforms
easily without causing any oscillation problems due to output filter
capacitor and load inductance. Symmetrical arrangement of the
power circuit provides fully regenerative operation and buck-boost
capability. The features of the proposed converter can be summar-
ized as follows:

1) simple structure with reduced number of switches,

2) easy current pulse amplitude control,

3) low VAR ratings and low dissipations of resonant elements,
4) low switching loss,

5) low device and component stress

6) buck-boost operation and bilateral power flow capability,

7) fast system response and high resolution output waveforms,
8) no instability problem,

9) simple control and implementation.
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