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a b s t r a c t

This paper characterizes the bidirectional feature of the transformer-based quasi-Z-source inverter
(trans-qZSI) obtained by adding a controllable power device to the input of the circuit. Different arising
operation modes and states are analysed and an AC small signal model is proposed accordingly. A con-
troller was designed using the proposed model, and an experimental validation platform was imple-
mented. After the computational and experimental model validation, it was analysed how and when
bidirectional Z topology benefits from bidirectional feature, apart from obvious inverse power conversion
operation. Robustness increase and fault tolerance of the bidirectional trans-qZSI topology were charac-
terized and validated experimentally for different current demand decrease case studies: when an open
circuit is produced in one output phase or when the current demand decreases due to normal operation
requirements. The paper characterizes and demonstrates, computationally and experimentally, that it is
the bidirectional feature that provides the system with the robustness needed to protect against these
kind of failures or operation modes. Not having the additional IGBT could cause the system to enter
the discontinuous conduction mode (DCM) zone and destabilize the system’s currents and voltages. In
that case the voltage is not able to follow the control reference, which could ultimately lead to the
destruction of the components.

� 2017 Elsevier Ltd. All rights reserved.

1. Introduction

New renewable energy resources, which are highly dependent
on various aspects like wind force, lighting, and power load, need
to be supported by robust energy storage systems. These systems
require power electronic converters to interface with an AC supply
network. The most commonly used converters are voltage source
inverters (VSIs). But the nominal voltage of DC storage systems
is, in most cases, lower than the level required to properly operate
the VSI, which is a buck type converter [1].

There are two possible solutions to this kind of issue, to boost
the DC source voltage with an additional DC-DC converter or to
use a 50 Hz transformer on the AC side. But these solutions
increase the power system’s complexity and cost. Given this con-
text, more direct buck-boost DC-AC topologies emerged. The Z-
source inverter (ZSI), which was first proposed in 2002, is a power
converter that has both buck and boost capabilities in a single con-
version state [2], and thus it can overcome the aforementioned
limitations. The study described here focuses on the transformer-
based quasi-Z-source inverter (trans-qZSI), first presented first pre-
sented in 2011 [3] and further analysed in [4], which is one of the

proposed alternative topologies derived from the classic ZSI [5–10].
This inverter (Fig. 1) introduces magnetic coupling inductors into
the traditional quasi ZSI, and presents high quality AC waveforms
in the output with fewer components than other ZSI topologies.

From the point of view of energy storage systems, basic ZSI
topologies would be useless because of the impossibility of trans-
ferring energy from the AC side to the DC side. This limitation is
due to the existing diode between the Z network and the DC energy
source. The diode plays a key role in the DC boost operation, and
therefore, it cannot be removed. Nevertheless, this diode means
that if the current demanded by the load is not high enough, or
suddenly drops, there is a chance that the converter will enter
the discontinuous conduction mode (DCM), where all its behaviour
changes, and controllability of the whole converter is
compromised.

However, replacing the input diode with a bidirectional switch,
which in practice is an IGBT+Forward diode, the system becomes
bidirectional, Fig. 2. The additional switch, S7, is thought to be
ON during the shoot-through zero (ST) states and working as a
diode during the non-shoot-through zero (NST) states [1,11,12].
Great benefit can be obtained with the addition of just one single
IGBT. The operating principles of the trans-qZSI do not change,
and therefore, known pulse width modulation (PWM) methods
for ZSIs can be used [12–16], which consist of applying a proper
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ST duty ratio in order to produce a flexible and regulated AC output
voltage. This unique feature of ST consists of short-circuiting the
upper and lower switches of the same branch (e.g. by turning on
S1 and S4 in Fig. 1) during a certain time lapse of the switching
cycle, which provides the boost capacity to the Z-source inverters.
The remaining time lapse of the switching cycle is known as the
NST state.

Bidirectionality on ZSIs has been developed mostly for electric
vehicle (EV) applications [17–20], but it is used in energy storage
systems too [21–23], as the converter is now able to exchange
energy between the AC side and the DC energy storage in both
directions. Understanding as failure the loss of controllability of
the converter, and as with the trans-qZSI the cost of sensors and
controllers can be admissible; the cascaded control approach
might be used to overcome issues in the control, it is the standard
approach for controlling these applications. However, as this arti-
cle will explain, the trans-qZSI becomes more tolerant of failures
on the load balance without the need of cascaded approach, just
by adding the bidirectional function.

Fault tolerance of the inverters have been widely studied for
traditional converters [24–31], and recently also for qZSIs
[32,33]. Nonetheless, these studies are always from an internal
point of view, analysing failures such as open switches or transis-
tors, taking into account that due to the singularity of this convert-
ers, the short-circuiting of the branches is not considered a failure.
However, a failure can come from the load side, understanding as
failure the loss of controllability of the converter. The main contri-
bution of this paper therefore, is the analysis of the advantages of
the bidirectional feature of the trans-qZSI when the controllability
of the system is compromised.

This paper first analyses all the operating modes that can be
found in the bidirectional trans-qZSI, and subsequently builds a
small signal model in order to design a proper controller for the
converter. The passive components are dimensioned and the vali-
dation platform is designed, so the model and the controller are
computationally and experimentally validated.

Finally, the reliability and robustness of the system against fail-
ures is analysed and tested; considering the entrance to the DCM
as a potential failure.

The main contribution of this paper is the study of the bidirec-
tional feature for the specific trans-qZ network; and the impor-
tance of the inverter’s ability to act as an interface between the
energy storage source and the grid as well as the reliability and
fault tolerance of this connection.

2. Operation modes of a bidirectional trans-qZSI

This section analyses the operating modes of the trans-qZSI
when an IGBT is added to the diode in order to provide bidirec-
tional functionality to the converter, as shown in Fig. 2. This addi-
tional IGBT will be switched off during the ST state; otherwise it is
switched on.

Depending on the level of the current demanded by the inver-
ter, five modes or operating stages can be distinguished. These
modes are classified in four cases as the demanded current
decreases. Fig. 3 shows currents through L2; L1 and C, in order to
illustrate the four cases along with the modes.

Additionally, in Fig. 4 the equivalent circuits in each mode can
be observed:

In Case 1, the inverter is always in Mode 1 during NST opera-
tion. The diode is conducting and the coupled inductor L2 is capable
of providing all the current needed by the load through L1
(iload ¼ iL1Þ, charging the capacitor in the meantime, Fig. 4(a).

iC ¼ iL2 � iL1 ¼ iL2 � iload ð1Þ
In Case 2, L2 keeps discharging while the ST state is reached, and

if Eq. (2) is verified, i.e., if the current through L2 drops down to a
point that it is not capable of providing the current demanded by
the load through L1, Mode 2 is activated, as shown in Fig. 4(b), in
which case the capacitor starts to supply that missing current in
order to help the coupled inductor. Still, the bidirectional function
is not triggered, as the current through L1 has not changed
direction.

IL2 � DiL2
2

¼ IL2 � vL2NST ð1� DÞTS

2L2
< iload ð2Þ

If L2 is completely discharged before reaching the ST state, the
converter has two options. If there is no additional IGBT, the diode
is reverse-biased, and thus the current through L2 drops to zero;
the system enters DCM zone. However, if there is an activated
IGBT, Mode 3 is considered (Fig. 4(c)), where the capacitor not only
provides the needed current to the load but also charges L2 through
S7. This will occur when Eq. (3) is satisfied:

IL2 <
DiL2
2

¼ vL2NST ð1� DÞTS

2L2
ð3Þ

Therefore, as the inverse current will no be longer cut off by the
diode, the current through L2 can be considered continuous, the
DCM is avoided, and the performance of the converter will be
improved. Avoiding the DCM will be particularly important in cer-
tain applications such as ASDs and EVs, when the power factor of
the motor is low with a light load, or when an error occurs on
the grid and the control has to compensate it.

Finally, in Case 4, when the ST state is attained, the energy
stored in the coupled inductor is transferred to the capacitor. But
Mode 4 is only triggered if Eq. (4) is verified, in which case the
power flows in the opposite direction, as shown in Fig. 4(d):

IL1ST <
DiL1
2

ð4Þ

DiL1 is obtained from the basic equations of the inductors:

DiL1 ¼ vL1ST DTS

L1
¼ Vdcð1� DÞD

½1� ð1þ nÞD�L1f S
ð5Þ

Fig. 1. Trans-qZSI model.

Fig. 2. S7 added to the diode.
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