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Abstract—Shoot-through control methods for qZSI-based dc/dc

converters are presented and studied. The major goal was to

increase efficiency. A new modulation technique, pulse width
modulation (PWM) with shifted shoot-through, is compared with

the conventional PWM shoot-through control method. The new

method reduces switching frequency of bottom side transistors
and inherently features partial soft switching. Previous studies

have shown that the biggest drawback of PWM control with

shoot-through is unequal switching frequencies of transistors. One
solution to that problem could be signal swapping that has been

proposed by the authors of this paper. All control methods are first

simulated and then experimentally verified on a test prototype.

Index Terms—DC/DC converter, quasi-Z-source inverter, shoot-

through control methods, switching losses.

I. INTRODUCTION

A QUASI-Z-SOURCE inverter (qZSI), as a sine wave in-

verter for ac loads, has been widely studied [1]–[8]. In

2009, researchers of the Department of Electrical Drives and

Power Electronics, Tallinn University of Technology proposed

a new application field for the qZSI as an isolated step-up dc/dc

converter [9]–[13]. The baseline topology of the quasi-Z-source

(qZS) based dc/dc converter (Fig. 1) consists of the quasi-Z-

source network that includes two capacitors ( and ), a

diode , and two inductors ( and ). The high-frequency

step-up isolation transformer is supplied by the IGBT-

based single-phase inverter . To reduce the turns

ratio of the transformer a voltage doubler rectifier based on two

capacitors ( and ) and two diodes ( and ) was im-

plemented in the output.

The qZSI inherits all the advantages of the Z-source inverter,

which can realize buck/boost, inversion and power conditioning

in a single stage with improved reliability. In addition, the qZSI

has the unique advantages of lower component ratings and con-

stant dc current from the source [4], [14]. All these features

make qZSI an attractive converter for renewable and alterna-

tive energy sources [15]–[19].
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Fig. 1. Simplified power circuit diagram of the proposed converter.

The proposed converter is designed to be a power condi-

tioning unit for a fuel cell powered systems. It is characterized

by low voltage and high current values, which normally re-

sults in high losses of the system. Thus, serious attention

should be paid to loss reduction not only in conductors but

also in the semiconductor switches of the inverter. Losses in

IGBT switches can be significantly reduced by proper control

methods. One of the benefits that the qZS topology offers is

soft switching without additional components. The number

of soft switching transients achievable depends mostly on the

modulation method. In some cases both zero current switching

(ZCS) and zero voltage switching (ZVS) are possible over full

operation range [14].

Two basic shoot-through control techniques for the

qZS-based dc/dc converter were recently proposed: pulse

width modulation (PWM) and phase shift modulation (PSM)

[20], [21]. In both cases, shoot-through is generated during

zero states. The zero and shoot-through states are spread over

the switching period so that the number of higher harmonics in

the transformer primary could be reduced. To reduce switching

losses of the transistors, the number of shoot-through states per

period is limited by two. Moreover, to decrease the conduc-

tion losses of the transistors, shoot-through current is evenly

distributed between both inverter legs [20].

According to [22] both methods (PWM, PSM) are fairly iden-

tical in terms of conduction losses since the number of conduc-

tion states and their duration remain unchanged. However, due

to an increased number of hard-switched commutations in the

case of the PSM shoot-through control method, switching losses

were increased by more than 20%. Moreover, PSM injects no-

ticeably higher overvoltages into the system compared to the

PWM control [20]. Taking all that into account, PWM control

seems to be the best control method for the qZS-based dc/dc
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Fig. 2. Generation of PWM signals with shoot-through during zero states.

converter. The only problem with the PWM shoot-through con-

trol is that it imposes unequal operating frequencies of the tran-

sistors, which results in unequal switching losses.

Today’s major trend in power electronics is to increase effi-

ciency. It is only achievable by optimizing operation parame-

ters and components of a converter. One should avoid over- or

under- loaded components. That is the reason why in the cur-

rent research focus is on equalizing switching losses in the qZS

inverter. This paper discusses the PWM shoot-through control

method in detail. The authors have also proposed several new

improved PWM control methods such as shifted shoot-through

control and swapped PWM control, which allow us to achieve

better performance of the converter.

II. PWM SHOOT-THROUGH CONTROL METHODS OF QZS

BASED DC/DC CONVERTER

A. PWM Control Principle

The PWM control principle of a qZS-based dc/dc converter

is shown in Fig. 2. Shoot-through states should be placed so

that they would not disturb the shape of the primary voltage of

the isolation transformer. This enables us to keep the number of

higher harmonics to a minimum. One way to accomplish that is

to generate shoot-through inside zero states, as shown in Fig. 2.

It must be pointed out that zero states are always generated by

the same pair of switches: either the top ( and ) or the

bottom ( and ) transistors. Currently the top side transis-

tors were used.

The minimum number of shoot-through states per period of

the isolation transformer is two. One shoot-through state per

period would cause discontinuous mode input current and the

qZSI starts to behave abnormally. In general, the maximum

number of shoot-through states is not limited. However, one

should bear in mind that every additional shoot-through state

automatically increases the switching frequency of the transis-

tors and switching losses. Thus, the number of shoot-through

states should be kept to a minimum. During shoot-through the

current through the inverter switches reaches its maximum. The

voltage in the dc-link drops to zero. The voltage of the

Fig. 3. Generation of PWM signals with shifted shoot-through during zero

states.

TABLE I

SWITCHING STATES SEQUENCE PER ONE PERIOD OF PWM

isolation transformer remains unchanged, as indicated in

Fig. 2.

B. PWM Control With Shifted Shoot-Through

This modulation technique was proposed by the authors as

an alternative to the conventional PWM control that was ex-

plained previously. To equalize transistor switching losses, the

shoot-through states are shifted towards active states, as shown

in Fig. 3. As a result, there is one switching transient less for

bottom side transistors, as indicated in Table II. The states are

shown for one period of the isolation transformer. As it can be

seen, bottom side transistors have now two times higher oper-

ating frequency compared to the top side transistors. However,

shoot-through states remain inside zero states, which is the con-

dition required to keep the transformer voltage unchanged.

C. Further Improvements of the PWM Control Principle

By shifting shoot-through states towards active states the

switching losses of transistors could be balanced to some de-

gree. However, the switching frequency of top and bottom side

transistors is still different, thus also switching losses. Since,

the main target was to completely equalize transistor switching

losses, we developed a further improvement method. The idea

is to periodically swap transistors so that each transistor would

work half the time as a top side and half the time as a bottom



TABLE II

SWITCHING STATES SEQUENCE PER ONE PERIOD OF PWM

WITH SHIFTED SHOOT-THROUGH

Fig. 4. Diagonal swapping of transistors. (a) PWM. (b) PWM with shifted

shoot-through.

side switch. It is achieved by swapping control signals of the

transistors.

Swapping may occur at any time instant but should not affect

the transformer voltage. Moreover, swapping should be instan-

taneous to all transistors. There are two possibilities to swap top

and bottom transistors: vertical swapping and diagonal swap-

ping.

In the case of vertical swapping, T1 is swapped with T2 and

T3 with T4. The benefit of this method is that it is easy to im-

plement it on most microcontrollers. The complementary tran-

sistor pair (T1/T2 or T3/T4) requires only one PWM generator

with two complementary outputs. Many microcontrollers ded-

icated to power electronic applications also feature pins swap-

ping of complementary outputs. However, as a drawback, ver-

tical swapping causes a phase shift (180 ) in the transformer

voltage. This kind of a disturbance can push the transformer into

saturation and must be avoided. Thus, vertical swapping can be

considered as unsuitable in the current case.

In the case of diagonal swapping, T1 is swapped with T4 and

T2 with T3. Since diagonally placed transistors work in phase,

swapping causes no phase shift and the transformer voltage re-

mains unaffected, as shown in Fig. 4. Both control methods,

PWM and PWM with shifted shoot-through, can be swapped.

TABLE III

OPERATING PARAMETERS OF THE CONVERTER

Fig. 5. Current and voltage of top side transistor T1 in the case of PWM control

with shoot-through.

Diagonal swapping can fully equalize switching frequencies

and losses of transistors. The drawback of this method is that

it is relatively difficult to be implemented on a microcontroller.

Usually diagonally placed transistors in the full-bridge are con-

trolled by separate PWM channels, which cannot be swapped

on most of microcontrollers. Therefore, some additional hard-

ware is needed to carry out swapping.

III. SIMULATION RESULTS

The proposed new PWM control method together with

two swapping techniques was simulated within PSIM simu-

lation software. To predict the behavior of the real converter

accurately, also some losses were taken into account: input

inductors have internal resistance, diodes, and transistors have

forward voltage drop. Operation parameters of the investigated

converter (Table III) were selected for the case of maximal

voltage boost when the maximal current in the input side of

the converter appears. The converter was loaded by the 300

resistor and the system power was around 1 kW.

In the case of the conventional PWM control with shoot-

through, full soft switching (i.e., ZVS and ZCS) is possible for

top side transistors. Moreover, soft switching is achieved for

both: shoot-through and active states, as shown in Fig. 5. Bottom

side transistors are hard switched, as shown in Fig. 6.



Fig. 6. Current and voltage of bottom side transistor T4 in the case of PWM

control with shoot-through.

Fig. 7. Current and voltage of the top side transistor T1 in the case of PWM

control with shifted shoot-through.

PWM control with shifted shoot-through features the fol-

lowing soft switching transients: for active states ZVS and ZCS,

for shoot-through states ZCS, as shown in Fig. 7. Unlike in the

previous control method, soft switching can also be achieved

for bottom side transistors. The active state is incorporated

with the second shoot-through state. The transition from one

state into the other is immediate, i.e., without dynamic losses

(Fig. 8).

IV. EXPERIMENTAL VERIFICATION

To verify theoretical assumptions a laboratory prototype

(Fig. 9) was assembled in accordance with the schematics in

Fig. 1. Operating parameters were selected in accordance with

the design specifications presented in Table III.

A. Practical Guidelines for Building the Control System

Microcontrollers generate PWM using timers and compare

values. As a rule, conventional microcontrollers have only one

or two compare values per timer, which is enough in most

Fig. 8. Current and voltage of the bottom side transistor T4 in the case of PWM

control with shifted shoot-through.

Fig. 9. 2 kW test setup of the qZS-based dc/dc converter.

Fig. 10. Generation principle of PWMwith shoot-through in microcontrollers.

cases. Currently, the situation is more complicated due to

shoot-through states.

To generate PWM with shoot-through states up to five com-

pare values (cp1–cp5) are needed, as shown in Fig. 10. In other

words, this means that PWM with shoot-through is impossible

to be implemented on most of microcontrollers. Three methods

can be considered as a solution to the problem:

1) using a FPGA;

2) using a microcontroller combined with a FPGA;

3) using a microcontroller combined with an external logic

circuitry.

A FPGA, as a highly configurable hardware that contains

thousands of programmable logic blocks, could perfectly take



Fig. 11. PWM generation with shoot-through using a microcontroller com-

bined with an external logic circuitry.

Fig. 12. Signal swapping circuit diagram.

the role of a modulator. At the same time, relatively poor per-

formance in handling sequential algorithms and floating point

calculations makes it an impractical solution as a regulator.

The second option has higher prospects from that point of

view. A FPGA could be used as a modulator while the micro-

controller could handle all the needed calculations and measure-

ments in the converter.

The third option should be considered when the price and the

development time are dominant parameters. The main idea here

is to generate the shoot-through vector separately from PWM

and mix signals by the help of an external logic, as indicated

in Fig. 11. Currently we need only one OR logic block like

74HC02 to link together PWM and shoot-through states in the

microcontroller output. Clearly, this is the cheapest and simplest

solution of the three options.

Swapping requires more external logic components

(74HC04, 74HC08, 74HC02), as shown in Fig. 12. The

microcontroller generates an auxiliary signal swap, which

determines the swapping frequency and timing. Signals PWM1

and PWM4 are the corresponding microcontroller outputs with

the added shoot-through vector. The external logic makes the

swapping according to the signal swap. The output is con-

nected with the corresponding IGBT driver. The same principle

is used for all four channels. The result is shown in Fig. 13. The

switching frequency of each transistor is periodically changing

but over a longer period it becomes clear that all transistors

are switched with a similar control pattern. Moreover, this also

means that transistors are evenly loaded and should have equal

switching losses.

Swapping can occur at any time instant but should not affect

the transformer voltage. As mentioned before, this is only pos-

sible with diagonal swapping, i.e., diagonally placed transistors

of a full-bridge will be swapped. Two control signals and the

transformer primary voltage are shown in Fig. 14. As expected,

no disturbances can be recognized in the transformer voltage

despite swapping and the converter is working normally.

Fig. 13. Diagonal swapping of control signals. (a) PWM control with shoot-

through. (b) PWM control with shifted shoot-through.

Fig. 14. Swapping has no impact on transformer primary voltage. (a) PWM

control with shoot-through. (b) PWM control with shifted shoot-through.



Fig. 15. PWM control with shoot-through (a) collector-emitter voltage and current and (b) power loss breakdown of the transistor T1.

Fig. 16. PWM control with shifted shoot-through (a) collector-emitter voltage and current and (b) power loss breakdown of the transistor T1.

Fig. 17. PWM control with shoot-through (a) collector-emitter voltage and current and (b) power loss breakdown of the transistor T4.

B. Effects of Soft Switching

As predicted by simulations, full soft switching (ZVS and

ZCS) is achieved for top side transistors in the case of the

conventional PWM shoot-through control. Both shoot-through

states and the active state occur with zero collector emitter

voltage . A drawback of the proposed PWM control

method with shifted shoot-through is the loss of full soft

switching properties. Namely, ZVS for the first shoot-through

vector is lost, as shown in Fig. 15(b). However, the switching

frequency of top side transistors is not changed.

The collector current and collector-emitter voltage of the

bottom transistor are shown in Fig. 17. In the case of the

conventional PWM with shoot-through, no soft switching

occurs, as shown in Fig. 17(a). In the case of the proposed

PWM control with shifted shoot-through, two switching states

(turn-off and turn-on) are eliminated. The second shoot-through

state is shifted towards the active state so that ZVS is achieved,

as shown in Fig. 17(b). The shoot-through state occurs with

zero voltage. Moreover, also the switching frequency was

reduced compared to the conventional PWM control method in

Fig. 17(a).

Table IV summarizes comparisons made between the con-

duction and switching losses for top

and bottom transistor groups for one operating period of the

PWM shoot-through control method.

Table V summarizes comparisons made between the conduc-

tion and switching losses for top and



Fig. 18. PWM control with shifted shoot-through (a) collector-emitter voltage and current and (b) power loss breakdown of the transistor T4.

TABLE IV

COMPARISON OF TRANSISTOR LOSSES IN THE PWM CONTROL

TABLE V

COMPARISON OF TRANSISTOR LOSSES IN THE PWM CONTROLWITH SHIFTED

SHOOT-THROUGH

bottom transistor groups for one operating period of the PWM

control with shifted shoot-through.

It is noticeable from Tables IV and V that conduction losses

do not change much. But due to an increased number of soft

switching instants in the case of the PWM control with shifted

shoot-through the switching losseswere significantly decreased.

It finally means that the proposed PWM control with shifted

shoot-through enables the operating efficiency of a 1 kW single-

phase qZSI to be increased by 4%.

V. CONCLUSIONS

A new modulation method, PWMwith shifted shoot-through

for qZS-based dc/dc converters, was proposed and analyzed by

the authors of this paper. Unlike the conventional PWM with

shoot-through the new modulation method allows achieving

soft switching also for bottom side transistors. Full soft

switching in the top side transistors is replaced by partial soft

switching. However, the switching losses in top and bottom

side transistors are more balanced when comparing with con-

ventional PWM method.
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