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ABSTRACT The ZVS T-type converter can be used as an alternative to the conventional ZVS-PWM
full-bridge (FB) converter for applications where improved light-load operation is required. In this converter,
two of the switches conduct only the current that flows during a freewheeling mode of operation and two of
the switches conduct only the current that flows in the converter when it is in an energy-transfer mode.
This is unlike the switches in the ZVS-PWM-FB converter that must conduct both currents. Although
the ZVS T-type converter needs less inductive energy to achieve ZVS in its switches, it has a higher
primary current during its freewheeling modes than the ZVS-PWM-FB converter because it is basically a
half-bridge converter. In this paper, the use of ZVZCS methods to reduce the RMS value of the current
in switches that are used in the freewheeling current path is investigated. The operation of the ZVS-PWM
T-type converter and a T-type converter operating with ZVZCS are reviewed and compared analytically.
Experimental results obtained from prototypes of the two converters along with results from prototypes of the
standard ZVS-PWM-FB converter and a ZVZCS-PWM-FB converter are presented. It is demonstrated that a
T-type converter with ZVZCS has a better light-load efficiency than the ZVS-PWM-FB and the ZVS T-type
converters and that the current stress in its middle-leg switches is much smaller; thus, it can be implemented
with much smaller and inexpensive middle-leg switches.

INDEX TERMS DC-DC power conversion, Zero voltage switching (ZVS), Zero-voltage-zero-current
switching (ZVZCS), ZVS T-Type converter.

I. INTRODUCTION
The conventional zero-voltage (ZVS), pulse width modulated
(PWM) full-bridge (FB) DC-DC converter is a popular con-
verter that is widely used in many industrial applications
[1]–[3] because its switches can operate with ZVS under
heavy-load conditions without the need for additional auxil-
iary circuitry. The converter, however, has several drawbacks,
including the following:
� The converter switches lose their ZVS operating capabil-

ity when the converter operates with light loads, as there
is not enough leakage inductance energy to discharge
the output capacitances of the switches before they are
turned on. There is, however, a trade-off between ZVS
operation range and leakage inductance that must be
considered as adding more leakage inductance increases

the load range for ZVS, but at the cost of increasing duty
cycle loss and power losses, especially for heavy-load
operation [4]–[7].

� When the converter is in a freewheeling mode of oper-
ation, current circulates through two converter devices
and creates conduction losses without any energy trans-
fer happening. The converter switches also have more
RMS current stresses [8]–[10].

� It is challenging to prevent saturation in the converter’s
transformer. Sophisticated sensing methods to monitor
and adjust the volt-seconds applied to a transformer
[11]–[13] or a DC blocking capacitor in series with the
transformer [15], [16] are needed, but each method is
disadvantageous in some way.
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FIG. 1. The ZVS T-type DC-DC converter (a) Converter schematic, (b) Typical waveforms.

An alternative to the conventional ZVS-PWM-FB DC-
DC converter that does not have these drawbacks is the
ZVS T-type converter (Fig. 1(a)) that proposed in [16]. The
performance of this converter was compared by the authors
of this paper to that of the ZVS-PWM-FB converter in [17]. It
was demonstrated in [17] that, unlike ZVS-PWM-FB convert-
ers, the voltage across the switches in ZVS T-type converters
is half of the input voltage before they are switched on; thus,
when the converter operates under light load conditions and
switches lose their ZVS capability, a T-Type converter has
lower switching losses than a ZVS-PWM-FB. In many ap-
plications, light-load efficiency is important as the converter
operates under light-load conditions for most of the time and
under heavy-load conditions occasionally.

Regulatory programs such as Energy Star [18], which is
run by the U.S. Environmental Protection Agency (EPA) and
the U.S. Department of Energy (DOE) to promote energy
efficiency, now demand strict compliance with light-load ef-
ficiency specifications. According to [18] the light-load effi-
ciency of an AC-DC power supply unit (PSU) with 1 kW
rating for server applications should be higher than 80% if
it is operating in the range of 20% - 50% of full-load. For
a two-stage AC-DC converter, this means that the back-end
DC-DC converter must have a high light-load efficiency as
the overall efficiency of the two-stage converter is the product
of the efficiency of the AC-DC front-end converter and that of
the DC-DC back-end converter. As a result, the need for light-
load efficiency improvement has spurred research in DC-DC
converters in recent years. Such improvement can be achieved
through new topologies, like the one proposed in [19], which
improves the light-load efficiency in FB converters by almost
3%, or through new control strategies, like the one proposed
in [20], which improved light-load efficiency by 2.5%.

The main drawback of the ZVS T-type converter, however,
is the fact that it has twice as much current flowing through
its primary side than does the ZVS-PWM-FB converter so
that it has more current circulating in its primary whenever
it is in a freewheeling mode of operation (i.e., no voltage
impressed across its primary). The main focus of this paper is
to investigate the operation of T-type converter with ZVZCS

methods that have been shown to reduce freewheeling.
circulating current in PWM full-bridge converters [21]–[24]
This paper examines the effectiveness of ZVZCS in order to
� reduce conduction losses in the T-type converter as a way

to improve light-load efficiency, given that conduction
losses caused by freewheeling mode current are the main
drawback in this converter;

� reduce RMS current stress in middle leg switches (S3

and S4) as these switches conduct only freewheeling
current.

It should be noted that the novelty of this paper is not
so much with the way ZVZCS is implemented in a T-type
converter as many ZVZCS methods have been proposed
for the standard full-bridge converter in the literature and a
commonly-used method has been selected for this paper. The
main contribution of this paper is the use of ZVZCS as a way
to improve light-load efficiency and reduce current stresses
in the middle-leg switches in a T-type converter, to improve
upon the work that the authors presented in [25]. The addition
of ZVZCS to a T-type converter results in characteristics that
have not been reported in the literature.

In this paper, the basic operating principles of the ZVS
T-type converter and a modified ZVZCS T-type converter are
explained in Section II. In Section III, the ZVZCS converter’s
features are explained. In Section IV, a design procedure for
the the ZVZCS converter is presented. In Section V, the most
significant power losses of the two converters are compared.
In Section VI, experimental results obtained from prototypes
of the two converters as well as results obtained from proto-
types of a ZVS-PWM FB converter and a ZVZCS-PWM-FB
are presented and compared. The paper ends with a brief
summary of the main points of the paper and with conclusions
in Section VII.

II. OPERATION PRINCIPLES OF ZVS T-TYPE CONVERTER
AND ZVZCS T-TYPE CONVERTER
The basic operation of the ZVS T-type converter and the
modified ZVZCS T-type converter is explained in this section
of the paper.
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FIG. 2. Typical modes of operation (a) energy transfer mode, (b)
freewheeling mode (c) transition from freewheeling to energy transition
mode.

A. ZVS T-TYPE CONVERTER
The DC-DC ZVS T-type converter shown in Fig. 1(a) consists
of two main switches (S1 and S2), two auxiliary switches
(S3 and S4), a split-capacitor DC bus (C1–C2), a transformer
with turns ratio equal to n:1 and leakage inductance (Llk),
two secondary rectifying diodes (Dr1-Dr2), and an LC filter
consisting of output inductor (Lo) and output capacitor (Co).
The converter has energy transfer, freewheeling, and transi-
tion modes of operation. The modes of operation of the ZVS
T-type converter for half of a switching cycle are described
as follows, with an equivalent circuit diagram for each mode
shown in Fig. 2:

1) ENERGY TRANSFER MODE(T1<T<T2)
A typical energy transfer mode is shown in Fig. 2(a). During
this mode, either S1 or S2 is on and point "A" is connected
to Vin or zero, respectively. For each case, half of the input
voltage is applied to the transformer primary winding (Vpri)
as point "B" is connected to a fixed voltage (Vin/2). In this
mode, one of the two rectifying diodes conducts and Vrec is
equal to Vin/2n; energy can be transferred from the primary
side to the output filter and load. The primary current during
this mode can be expressed as

Ipri (t ) = I1 +
(

Vin
2 −nVo

)
Lo

t (1)

2) FREEWHEELING MODE(T2<T<T3)
A typical freewheeling mode is shown in Fig. 2(b). During this
mode, one of the middle leg switches (S3 or S4) is on. Point
"A" and point "B" are connected and Vpri is equal to zero. In
this mode, Vrec is equal to zero and power does not transfer
from the primary to the secondary. Current circulates through
the transformer primary windings, a middle-leg switch, and
the body diode of the other middle-leg switch. The primary
current during this mode can be expressed as

Ipri (t ) = I2e
−

(
Rds−LV

Llk

)
t = I2e− t

τ (2)

where Rds−LV denotes the on-state resistance one of the auxil-
iary switches It should be noted that 1/τ � t3 − t2 so that (2)
can be estimated to be

Ipri (t ) = I2
(
1 − t

τ

)
(3)

3) TRANSITION MODE(T3<T<T4)
When the freewheeling mode ends, a dead time equal to
Ddead Ts is inserted before the next energy-transfer mode to
discharge the parasitic capacitor of the main switch; this mode
is shown in Fig. 2(c). In this mode, sufficient energy should be
available in the transformer’s primary leakage inductance to
discharge/charge the parasitic capacitors, which have a volt-
age of Vin/2 across them. At the end of this mode, the next set
of main and middle leg switches can be turned on with ZVS
as shown in Fig. 1(b). The primary current at the end of this
mode can be expressed as

|I4| = |I3| cosω0 (Ddead Ts) (4)

where ω0 is defined as

ω0 = 1√
Llk (2CS−HV +CS−LV ) (5)

where CS−HV and CS−LV denote the parasitic capacitances of
the main and middle-leg switches respectively. The converter
switches are operating with ZVS if I3 and I4 have the same
sign. More details about the operation of the ZVS T-Type
converter operation can be found in [17].

B. ZVZCS T-TYPE CONVERTER
The modified T-type converter (ZVZCS T-type converter),
shown in Fig. 3(a) has the same components as the ZVS
T-Type converter, but with the simple auxiliary circuit pro-
posed in [26] added to extinguish the circulating current in
the freewheeling mode. The auxiliary circuit consists of three
diodes (Df, D1, and D2) and a capacitor, Caux . It should be
noted that various methods have been proposed to extinguish
the circulating current in various ZVZCS-PWM topologies
and that this particular auxiliary circuit has selected because
of its simplicity; more sophisticated auxiliary circuits can be
used if desired.

The ZVZCS T-type converter has the same operation modes
as the ZVS T-type converter: energy transfer, freewheeling,
and transition modes. The modes of operation of the ZVZCS
T-type converter for a switching cycle are explained below,
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FIG. 3. The ZVZCS T-type DC-DC converter (a) Converter schematic, (b) Typical waveforms.

with an equivalent circuit diagram for each mode shown in
Fig. 4. It should be noted that these modes are valid for both
heavy-load and light-load operating conditions except that the
output inductor current may fall to zero during a freewheeling
mode when the converter is operating with light loads.

1) ENERGY TRANSFER MODE (T1<T<T’2)
An energy-transfer mode in the ZVZCS T-Type converter
begins when one of the main switches is turned on. This mode
can be divided into three sub-modes:

In Sub-Mode 1 (t1 < t < t ′
1), Caux resonates with Llk for

half the cycle. The equivalent circuit diagram of this sub-mode
is shown in Fig. 4(a). The primary current during Sub-Mode
1 can be expressed as

Ipri (t ) = ILo
n + Vin/2 −nVo

Z1
sinω1t = ILo

n + Ipeaksinω1t (6)

where Z1 and ω1 are the characteristic impedance and resonant
frequency of the resonant tank and are defined as

Z1 =
√

Llk
Caux/n2 (7)

ω1 = 1√
LlkCaux/n2 (8)

This mode ends when the voltage across Caux reaches to

VCaux
(
t′1

) = Vin
n − 2.Vo (9)

In Sub-Mode 2 (t ′
1 < t < t2), shown in Fig. 4(b), the con-

verter operation is the same as the ZVS T-Type converter and
the primary current equation is the same as that of the ZVS
T-type converter during an energy-transfer mode, as defined
in (1).

In Sub-Mode 3 (t2 < t < t ′
2), shown in Fig. 4(c), the main

switches are turned off and one of the auxiliary switches is
on. The voltage of Caux is reflected to the transformer primary
and is a negative voltage with reverse polarity that is applied
to the leakage inductance to extinguish the current that is

circulating in the primary. As shown in Fig. 3(b), a finite time
is required to extinguish this circulating current; this time can
be estimated to be

�t = I2Llk
nVC aux (t2 ) (10)

2) ZERO MODE (T2<T<T3)
In this mode shown in Fig. 4(d), the primary current is zero;
thus, the voltage across the main switches is half of the input
voltage. Since no current flows through Caux in this zero mode
(t ′

2 < t < t3) of the energy transfer mode, the voltage across
the Caux remains constant in this mode.

3) TRANSITION MODE (T3<T<T4)
During a transition mode (Fig. 4(e)), the primary current is
zero and energy is transferred from the output inductor (Lo)
and capacitor (Co) to the load. At the end of this mode, one
of the main switches is turned on with a reduced voltage
(Vin/2) so that turn-on losses can be reduced significantly, and
a middle-leg switch is turned on with ZVS, as the voltage at
each end of the switch is the same Vin/2.

4) FREEWHEELING MODE (T4<T<T5):
At the start of this mode, the other main switch (S2) and
auxiliary switch (S4) are turned on as shown in Fig. 4(f). Half
of the input voltage with negative polarity (-Vin/2) is applied
to the primary winding and the absolute value of the primary
current increases with the rate of Vin/2Llk. While the primary
current is less than I1/n, the Vrec at the secondary is zero and
the inductor current circulates through Df, Dr1 and Dr2. This
mode ends when the primary current reaches I1/n.

III. ZVZCS T-TYPE CONVERTER FEATURES
The ZVZCS T-type converter has the following features:
� The maximum voltage that is applied to the main

switches of the converter (S1 and S2) is equal to the input
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FIG. 4. Typical modes of operation (a) energy transfer mode sub-mode 1
(t), (b) energy transfer mode sub-mode 2, (c) energy transfer mode
sub-mode 3 (d) zero mode, (e) transition mode, (f) freewheeling mode.

voltage, but the voltage falls to Vin/2 before turn-on.
When the converter enters into a freewheeling mode,
the main switches are turned off and the voltage at the
mid-point of the main leg is Vin/2 because of the voltage
division between the parasitic capacitors of the main
switches. The auxiliary circuit extinguishes the current

circulating in the primary side so that that the voltage at
the mid-point of the main leg remains at Vin/2. It should
be noted that the middle leg switches of both T-type
converters block Vin/2 voltage.

� The middle-leg switches must block a maximum voltage
that is just half of the input voltage. Moreover, the cur-
rent that flows in the middle-leg switches is very small
as each of these switches conducts just the freewheeling
current for only half the time that the converter is in a
freewheeling mode of operation. Since the freewheeling
current is extinguished by the secondary auxiliary cir-
cuit, the power losses in the middle-leg switches are neg-
ligible. This allows cheaper, smaller, lower-rated devices
with higher values of on-state resistance to be used in the
converter.

IV. ZVZCS T-TYPE CONVERTER DESIGN
A design procedure for the key parameters of the ZVZCS T-
type converter is shown in this section and then demonstrated
with a design example. For the design example, the ZVZCS
T-type converter is designed according to the following spec-
ifications: Input voltage Vin = 400 V, output voltage Vo =
48 V, maximum output power Po,max = 900 W, minimum
output power Po,min = 45 W, and switching frequency fsw

= 50 kHz. The converter delivers the nominal voltage with
D = 0.6, where D is related to the time span from t1 to t2.
The transformer turns ratio (n) is selected in the same manner
as in [17]. The voltage divider capacitors and output filter are
designed in the same manner as in [17] and [27], respectively.
The auxiliary circuit components are designed with the same
method as in [24].

A. MAIN SWITCHES (S1 AND S2)
It can be seen from Fig. 3(b) that the main switches of the con-
verter must block the DC bus voltage (Vin) when they are off.
The current ratings of the main switches can be determined
based on the current they conduct during energy-transfer and
freewheeling modes of operation to simplify the comparison
between the ZVZCS and ZVS T-type converter. To do so,
the converter primary current can be into two components:
energy- transfer and freewheeling current; these are desig-
nated below by the subscripts ‘et’ and ‘fw’, respectively.

The rms and average values of the current in the switches
during energy-transfer modes can be expressed as follows:

Iet−ave−T = 1
Ts
2

⎛
⎝∫ D Ts

2
0

(
I1 + (I2−I1)

DTs
t
)

dt

+ ∫ π
ω1

0 Ipeaksinω1tdt

⎞
⎠

=
(

I1 + I2

2

)
D + 2

Tsω1
Ipeak (11)

Iet−rms−T =

√√√√√ 1
Ts
2

⎛
⎝∫ D Ts

2
0

(
I1 + (I2−I1)

DTs
t
)2

dt

+ ∫ π
ω1

0

(
Ipeaksinω1t

)2
dt

⎞
⎠
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×
√

D

(
I2I1 + 1

3
(I2 − I1)2

)
+ π

Tsω1
I2
peak

(12)

I f w−ave = 1
Ts
2

∫ �t

0
Ipri (t ) dt

= 2

Ts

∫ �t

0

(
I2 −

(
I2

�t

)
t

)
dt = I2

�t

2Ts
(13)

I f w−rms =
√

1
Ts
2

�t
∫
0

I2
pri (t ) dt =

√
2

Ts

∫ �t

0

(
I2 −

(
I2

�t

)
t

)2

dt

= I2

√
2�t

3Ts
(14)

In (11) and (12), the second terms show the effect of
ZVZCS on the primary current values during energy-transfer
modes, which are independent of the converter load.

The current ratings of the main switches can be calculated
based on (11) and (12). Based on the fact that each main
switch carries energy-transfer current in each half switching
period, the current ratings for the main switches can be deter-
mined to be

ISHV −ave = Iet−ave
2 (15)

ISHV −rms = Iet−rms√
2

(16)

The rated values for the main switches in this design exam-
ple are

ISHV−ave = 2.3A

ISHV−rms = 4A

B. MIDDLE-LEG SWITCHES (S3 AND S4)
It can be seen from Fig. 3(b) that the maximum voltage that
is applied to the auxiliary switches of the ZVZCS T-type
converter is half of the DC bus voltage (Vin/2). The middle-
leg switches carry the transformer primary current when the
converter exits from an energy-transfer mode, however, the
freewheeling current is quickly extinguished. Current flows
through a middle-leg switch and the body-diode of the other
middle-leg switch during each freewheeling mode. The aver-
age current of each switch can be expressed as

ISLV −ave = I f w−ave
2

(17)

and the RMS current for the middle-leg switches can be ex-
pressed as

ISLV −rms = I f w−rms√
2

(18)

In this design example, the rated value of current of the
auxiliary switches are

ISLV−ave−T = 0.01A

ISLV−rms−T = 0.35A

The middle-leg switch average and rms currents for a ZVS
T-type converter with the same specifications converter are 3A
and 4.5A, respectively. It can be seen that two small switches
with a very low current rating can be used as the middle-leg
switches, which can reduce the cost of the converter. While
the ZVZCS T-type converter has more passive components
than the ZVS T-type converter, the cost of these components is
more than offset by the savings that result from the reduction
of the current stresses in the middle switches. Since current
in these switches is practically eliminated, devices that are
much smaller and cheaper can be used. This is also true of
the heatsinks for these switches as much less power is dis-
sipated in them. As for the additional passive components
in the ZVZCS T-type converter, these components conduct a
small amount of current over a small fraction of the switching
cycle so that inexpensive, low current-rated components can
be used. Given the cost-savings related to the reduction of
current-stresses in the middle switches and the low cost of
the additional passive auxiliary circuit in the secondary, the
ZVZCS T-type converter is actually less expensive than the
regular ZVS T-type converter.

In order to compare the current stress in the converter
switches for both the ZVS and ZVZCS T-Type converters,
normalized rms and average currents for both converters with
respect to the rms and average current of the main switches
in ZVZCS converter for different transformer turns ratios (n)
are shown in Fig. 5. It can be seen from Figs. 5(a), 5(b), 5(e),
and 5(f) that the normalized currents of the main switches are
almost same for both converters under heavy-load operating
conditions, but, under light load operation, the rms current of
main switches is higher because of the current hump that is
caused by the charging of Caux (Ipeak at (6)) and it is load-
independent. It can be seen from Figs. 5(c), 5(d), 5(g), and
5(h) that the rms and average current of middle-leg switches
of the ZVZCS converter are considerably smaller than those
of the ZVS T-type converter.

IV. COMPARISON OF POWER LOSSES IN SWITCHES
In this section, just the key power losses in the converter
switches of the T-Type ZVS and ZVZCS converters are com-
pared to simplify the discussion. The core losses are almost
identical based on the discussion presented in [9], which
compared the ZVS-PWM FB converter with a ZVS T-type
converter. Any power losses due to the addition of the passive
auxiliary circuit at the secondary were found to be insignifi-
cant and thus have been neglected. The comparison is focused
on switch losses as these losses represent the most significant
differences in the losses between the ZVS T-type and ZVZCS
T-type converters. The two main sources of power losses in
the primary side are switching losses and conduction losses.
These power losses are compared for both the ZVS T-type and
ZVZCS T-type converters as follows:

A. SWITCHING LOSSES
Switching power losses are caused by the dissipation of stored
energy in the parasitic capacitance of the switch [4] and can
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FIG. 5. Normalized current stress on converter switches for different transformer turns ratio (n), (a) Normalized ZVZCS T-type converter main switches
rms current, (b) Normalized ZVZCS T-type converter main switches average current, (c) Normalized ZVZCS T-type converter auxiliary switches rms current,
(d) Normalized ZVZCS T-type converter auxiliary switches average current, (e) Normalized ZVS T-type converter main switches rms current, (f) Normalized
ZVS T-type converter main switches average current, (g) Normalized ZVS T-type converter auxiliary switches rms current, (h) Normalized ZVS T-type
converter auxiliary switches average current.
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be expressed as

Psw = fsw
( 1

2CossVs
2
)

(19)

where fsw is the switching frequency, Coss is the parasitic
capacitance of the switch, and Vs is the switch voltage when
the switch is turned on.

In the ZVS T-Type converter, the voltage across the main
switches (HV-switches) when they are about to be turned on
can be expressed as

VS−HV (tturn−on) = Vin
2 − ZoI3 sin (ω0tdt ) (20)

where tdt is the dead time and Zo and ω0 are the character-
istic impedance and resonance frequency of the resonant tank
respectively and are defined as

Zo =
√

Llk
8
3Cs−HV + 4

3Cs−LV
(21)

ω0 = 1√
Llk (2CS−HV +CS−LV ) (22)

where CS−HV and CS−LV are the parasitic capacitances of the
main and middle-leg switches, respectively.

The turn-on power dissipation of the main switches of the
ZVZCS converter is constant and independent of the load as
the voltage across the switches is Vin/2 for all operating con-
ditions. The power losses of a MOSFET during the turn-off
process can be expressed as [27]

Psw−of f = 1
2 tof f Isw (tturn−off )Vsw (tturn−off ) (23)

B. CONDUCTION LOSSES
The power losses of the converter MOSFETs when they are on
and the power losses of the transformer windings can be mod-
eled as ohmic power losses. Moreover, the conduction losses
in a MOSFET when current flows through its body diode can
be expressed as the product of the diode voltage drop and the
average value of the current. Taking these considerations into
account, a mathematical expression for the conduction losses
in a T-type converter can be derived as follows [25]:

Pcond = √
2

(
I2
et−rms × Rds−HV + I2

f w−rms × Rds−LV

)
+0.5I f w−ave × VSdiode−LV +

(
I2

f w−rms + I2
et−rms

)
R2

pri

+
(

I2
f w−rms + I2

et−rms

)
nR2

sec

(24)
where Rds−HV , Rds−LV denote main and middle-leg switch
on-state resistance respectively, VSdiode−LV is the voltage drop
across the body diode of the middle-leg switches, I f w−aveis
the average value of the freewheeling current, and Iet−rms,
I f w−rms, are the rms value of the energy transfer current,
freewheeling current, respectively.

The current values for a ZVS T-type converter can be ex-
pressed as follows [25]:

Iet−rms−ZV S =
√

D
(
I2I1 + 1

3 (I2 − I1)2
)

(25)

I f w−ave−ZV S =
(

I2+I3
2

)
(1 − D) (26)

I f w−rms−ZV S = √
1 − D

√
I3I2 + 1

3 (I2 − I3)2 (27)

C. POWER LOSS BREAKDOWN
The power loss breakdown for both the ZVS and ZVZCS T-
type converters can be calculated with the same method as in
[28]. A comparison of loss analysis between the ZVS T-type
and the conventional ZVS-PWM-FB converter was made in
[17] and thus will not be presented here to limit paper size.
The loss breakdown of the ZVS and ZVZCS T-type converters
when they are operating with 30% of rated load and with full
rated load are shown in Fig. 6. It can be seen the power losses
consist of two components: the power losses that are fixed
regardless of using a ZVS or a ZVZCS topology and power
losses that are dependent on the converter topology. Fig. 6(a)
shows the power loss breakdown for the converters at 30%
of the rated load. It can be seen that the conduction losses
are higher in the ZVS T-type converter due to circulating
current in freewheeling modes. For this load (30% of rated
load), however, the circulating current is not enough to fully
discharge the parasitic capacitors of the main switches (S1

and S2), and they are operated with partial ZVS so that the
switching losses are not zero.

In the ZVZCS converter, conduction losses are smaller
than the ZVS converter, but the switching losses are higher
because the voltage across the switches are equal to Vin/2 at
turn-on time. Fig. 6(a) shows the power loss breakdown for
the converters at the rated load. It can be seen that switching
losses of the ZVS converter are zero because the circulating
current magnitude is enough to achieve ZVS at main switches,
but the conduction losses are considerable. In the ZVZCS
converter, switches, the conduction losses are reduced, but
the main switches operate without ZVS. Since the voltage
across the main switches is half of the input voltage, however,
this results in an inherent 75% reduction of ½ CV2 switching
losses compared to the hard-switching operation of a switch
in the ZVS-PWM-FB converter.

D. ZVZCS VS. ZVS OPERATION
In summary, the middle-leg switches of the ZVS and ZVZCS
T-type converters are always operated with ZVS because half
the input voltage appears at their drain and at their source
before they are turned on. For the main switches, under
light-load condition for both the ZVZCS and ZVS converter,
the switches are operated without ZVS because there is not
enough inductive energy available for to discharge the output
capacitances of the switches to ensure ZVS operation. The
conduction losses that exist during the freewheeling mode
and that reduce the converter efficiency of the ZVS converter
are, however, reduced in the ZVZCS converter because the
freewheeling current is extinguished.

As the converter load is increased, the switches in the ZVS
converter can operate with ZVS, but the conduction losses
in the primary side during the freewheeling mode offsets
the power loss savings from ZVS operation so that both the
ZVZCS and ZVS converter has almost the same efficiency.
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FIG. 6. Loss breakdown for the T-type and ZVS-PWM-FB converters. (a) 30% load, (b) rated load.

TABLE I Specification of the Converter Components

As the converter load is further increased there will be a point
where the difference in the efficiency of the two converters
becomes noticeable.

VI. EXPERIMENTAL RESULTS
Prototypes of the ZVS T-Type converter and ZVZCS T-Type
converter were built according to the specifications in Table I.
For both converters, the same MOSFET devices were used
for S1 and S2. For the ZVS T-Type converter, MOSFETs with
low voltage ratings and low Rds-on were used as S3 and S4.
For the ZVZCS T-Type converter, MOSFETs with low voltage
rating and high Rds-on were used as S3 and S4. It should be
noted that the Rds-on of the middle-leg switches of the ZVZCS
converter is more than 36 times higher than that of the Rds-on

of the middle- leg switches of the ZVS converter. Devices with
a much higher Rds-on value were chosen on purpose as such
devices are less expensive and have lower Coss values. The
retail price of the middle leg switches in ZVZCS converter is

almost 40% of the middle leg switches in the ZVS converter
at the time of this writing [15], [16].

Typical waveforms of ZVZCS and ZVS T-type converters
are shown in Fig. 7 and Fig. 8, respectively. Fig 7(a) shows
the voltage across one of the main switch (VS1), an auxiliary
switch (VS3), transformer primary current (Ipri), and the gate-
source voltage of S1 (Vg1). This figure shows that S1 is turned-
on with half of the input voltage and the auxiliary switch is
turned on with ZVS. The primary current waveform shows
that the current is extinguished by the auxiliary circuit during
freewheeling modes.

Fig. 7(b) shows VS1, Ipri, Vg1, and Vg4 at 30% of the rated
load. It can be seen from this figure that circulating current is
zero, and VS1 remains at Vin/2 at turn-on time. Fig. 7(c) shows
the same waveforms as Fig. 7(b) at 100% of rated load. It can
be seen that even under heavy-load operation condition, Ipri

vanishes, and VS1 remains at Vin/2 at turn-on time.
Fig. 8 shows the same waveforms as Fig. 7 for the ZVS

T-type converter. It can be seen from Fig 8(a) that, like the
ZVZCS converter, the auxiliary switches turn-on with ZVS.
The ZVS operation of main switches depends on the available
energy to discharge the parasitic capacitor of the switches. As
can be seen from Fig 8(b) when the ZVS converter is operated
under light load, the circulating current does not vanish dur-
ing freewheeling modes; however, due to a lack of inductive
energy, the main switches are operated with partial ZVS so
that neither conduction losses nor switching losses are zero.
As can be seen from Fig 8(c), when the load increases, the
available inductive energy for ZVS operation increases and
the main switches are operated with ZVS. The cost of ZVS
operation, however, is higher current ratings for the auxiliary
switches and conduction losses that offset power saving due
to ZVS operation in T-type converters.

For the sake of comparison, prototypes of the ZVS-PWM-
FB converter and ZVZCS-PWM-FB converter were also built
according to the same specifications as in [25]. A graph of

246 VOLUME 1, 2020



FIG. 7. Typical converter waveforms of a ZVZCS T-type converter. (a)
Voltage across switches S1 and S3, the current waveform of the
transformer primary, gate-source voltage of S1(V: 250V/div, I: 5A/div., Vgs:
10V/div, t: 5 µs/div.), (b) Voltage across switches S1, the current waveform
of the transformer primary, gate-source voltage of S1 and S4 at 30% of
rated load (V: 250V/div, I: 1A/div., Vgs: 10V/div, t: 250 ns/div.), (c) Voltage
across switches S1, the current waveform of the transformer primary,
gate-source voltage of S1 and S4 at 100% of rated load (V: 250V/div, I:
5A/div., Vgs: 10V/div, t: 250 ns/div.).

efficiency vs. load curves for all four prototypes are shown in
Fig. 9. The following should be noted:
� The two T-type converters are more efficient than the

ZVS-PWM-FB and ZVZCS-PWM-FB converters for
light loads, but less efficient than these converters for
heavy loads. This is due to the fact that the T-type con-
verters are based on half-bridge converters, as explained

FIG. 8. Typical converter waveforms of a ZVS T-type converter. (a) Voltage
across switches S1 and S3, the current waveform of the transformer
primary, gate-source voltage of S1(V: 250V/div, I: 5A/div., Vgs: 10V/div, t: 5
µs/div.), (b) Voltage across switches S1, the current waveform of the
transformer primary, gate-source voltage of S1 and S4 at 30% of rated load
(V: 250V/div, I: 1A/div., Vgs: 10V/div, t: 250 ns/div.), (c) Voltage across
switches S1, the current waveform of the transformer primary, gate-source
voltage of S1 and S4 at 100% of rated load (V: 250V/div, I: 5A/div., Vgs:
10V/div, t: 250 ns/div.).

in Section I and to the fact that the middle-leg switches
can always operate with ZVS even under light-load con-
ditions, as explained in Section II.

� Using ZVZCS improves light-load efficiency for both
the T-Type converter and the PWM-FB converter, at the
cost of worsening heavy-load efficiency. This is because
the ZVZCS converters do not operate with full ZVS at
heavy loads while the other two converters do; thus, they
have turn-on switching losses that the other converters
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FIG. 9. Graph of efficiency vs output power for the ZVS T-Type and ZVZCS
T-Type converters.

do not. Under light-load conditions, switching losses
exist in all the converters, but the ZVZCS eliminates all
freewheeling current losses and turn-off losses.

� The most efficient converter for heavy-loads is the ZVS-
PWM-FB converter. The most efficient converter for
light-load operation is the ZVZCS T-Type converter.

� When comparing the two T-type converters vs the ZVS-
PWM-FB converter, which is the most efficient heavy-
load converter, the crossover point in load when the
ZVS-PWM-FB converter becomes more efficient than a
T-type converter occurs at a higher load for the ZVZCS
T-type converter than for the ZVS T-type converter, by
about 100 W. This allows the T-Type converter to operate
with higher efficiency than the ZVS-PWM-FB converter
over a wider load range.

� It is only at extremely light-loads (5% of rated load)
that the ZVS T-type converter is more efficient than the
ZVZCS T-Type converter. This is because there is a very
little current flowing in the converter so that any losses
that are saved due to the passive secondary-side auxiliary
circuit are more than offset by the passive auxiliary cir-
cuit losses, which are few. It is only when there is some
current flowing in the primary that the current-related
losses saved by the auxiliary circuit offset the losses it
generates. These very light loads are considered to be
outside the range of typical operation (> 10 % load).
From a practical point-of-view, this translates into a loss
difference of less than 1 W.

� Throughout the load range, the ZVZCS T-type converter
has better or almost the same efficiency as the ZVS
T-Type converter, but its middle-leg switches have neg-
ligible current stress and can be implemented with less
expensive devices.

VII. CONCLUSION
Light-load converter efficiency has become more important in
recent years due to the widespread use of power electronics

in society. In many applications, power converters operate at
full-load occasionally and mostly operate under lighter load
conditions. In their previous work, the authors proposed the
use of the ZVS T-type converter as a way to improve light-load
efficiency. The use of ZVZCS methods in T-Type converters
is proposed in this paper to minimize the freewheeling mode
circulating current in the primary, which further improves
light-load efficiency and reduces the amount of RMS current
that the middle-leg switches of the converter.

In this paper, the operation of the ZVS T-Type converter
and a T-Type converter with ZVZCS are explained and ana-
lyzed. Results obtained from experimental prototypes of the
two converters are presented along with experimental results
of obtained from prototypes of the standard ZVS-PWM full-
bridge converter and a ZVZCS-PWM full-bridge converter.

The main contributions of this work to the power electron-
ics literature are as follows:
� With the exceptions of very light loads that are outside

the range of normal operation, the ZVZCS T-Type con-
verter is the most efficient converter for light-load oper-
ation among the four options. For an application that re-
quires an inexpensive silicon-based MOSFET converter
to operate typically with ≤ 500 W (with only occasional
heavy-load operation), the ZVZVS T-type converter is a
very attractive option.

� The middle-leg switches of the T-type converter must
block only half the input DC voltage and must conduct a
very small amount of current, especially compared to the
standard ZVS-PWM-FB converter. This allows cheaper,
less expensive devices to the used as the middle-leg
switches as the current through these devices is practi-
cally negligible, unlike that of any of the switches in a
ZVS-PWM-FB converter or the middle-leg switches or
a ZVS T-type converter. It also shrinks the size of the
devices themselves and opens the door to implementing
these middle-leg devices in an integrated circuit (IC),
thus reducing the size of the overall converter signifi-
cantly.

� The work presented in this paper is an advance over the
authors’ previous work that was presented in [25], in
terms of light-load converter efficiency and middle-leg
switch RMS current stress.

To the best of the authors’ knowledge, these contributions
have not been presented in the literature. It should be noted
that any control method that can be used in a ZVS-PWM FB
converter to improve light-load efficiency can be used to the
ZVZCS T-type converter. There is nothing that prevents this
from being done, given both converters are able to impress an
AC square-wave across the primary of their transformer.
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