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Abstract—This paper presents a model predictive control
(MPC) scheme for quasi-Z source (qZS) three-phase four-leg
inverter. In order to cope with the drawbacks of traditional
voltage source inverters (VSIs), a qZS three-phase four-leg
inverter topology is proposed. This topology features a wide range
of voltage gain which is suitable for applications in renewable
energy based power systems,where the output of the renewable
energy sources varies widely with operating conditions such
as wind speed, temperature and solar irradiation. To improve
capability of the controller, a MPC scheme is used which
implements a discrete-time model of the system. The controller
handles each phase current independently, which add flexibility
to the system. Simulation and experimental studies verify the
performances of the proposed control strategy under balanced
and unbalanced load conditions as well as single-phase open-
circuit fault condition.

Index Terms—Model predictive control, four-leg inverter,
quasi-Z-source inverter (qZSI), DC−AC power conversion.

I. I NTRODUCTION

I NCREASING environmental awareness as a consequence
of climate change and the exhaustible nature of fossil fuels

have increased the importance of renewable energy sources
(RES)s. However, interconnecting renewable energy gener-
ation into the electrical distribution systems require power
electronics to generate and condition the electrical power to
meet voltage and frequency specifications. The performance
of these renewable energy systems thus depends on the power
converter topology and control method [1]. In most cases,
such systems use three-phase voltage source inverter (VSI)
to supply the power either to the grid or the local loads. This
approach is straightforward to implement, but, suffers from
two major drawbacks: input voltage variation and unbalanced
output current.
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The first drawback is the variation of the input voltage due to
intermittent and stochastic nature of RES. The VSI must have
an input voltage that is greater than the maximum value of the
line-to-line output voltage in order to guarantee reliable and
uninterruptible power for the loads, which is a major challenge
in such systems. To overcome this, DC/DC boost converter is
often used as an input stage to create a well-regulated voltage
for the VSI. However, this solution results in complex power
circuit and multi-loop control structure which leads to lower
reliability, and higher cost. The alternative topology to VSI
is a current source inverter (CSI), which has the advantage
of voltage boosting capability without using DC-DC boost
converter [2]. This results in less complexity of the system
and its control. However, CSI has some drawbacks such as: 1)
its output voltage cannot be lower than the DC input voltage;
and 2) overlap time between phase legs is required to avoid
the open circuit of all upper switching devices or all lower
devices. Otherwise, an open circuit of the DC inductor would
occur and destroy the devices. Furthermore, overlap time for
safe current commutation is needed in the CSI, which causes
waveform degradation [3]. Recently, a number of new power
converter topologies have been proposed to cope with these
problems [4]. The quasi-impedance source inverter (qZSI)
can overcome the aforementioned problems [5], [6]. They
advantageously utilize the shoot-through of the inverter bridge
to boost voltage in the VSI (or open circuit in the CSI to buck
voltage). Thus, buck - boost functionality is achieved with a
single-stage power conversion with a simple L-C network [7].

A second drawback of three-phase VSI topology is that
these inverters are usually designed for balanced three-phase
loads. However, unbalanced load conditions are common in
distribution power generation system where power is delivered
to local loads. Unbalanced load condition creates unbalanced
current circulating in the power system, causing overheat of
the neutral line, and harmonic distortion on the output voltage
[8], [9]. One way to alleviate this condition is to use a three-
phase four-leg VSI. This topology can produce balanced three-
phase output even when the load is unbalanced and nonlinear,
making it a good choice for standalone power generation and
three-phase UPS systems [10].

The control strategy of the power converter plays a crucial
role to ensure reliable and efficient operation of the renewable
energy based power generation systems. There are a number
of proposed control strategies for the qZSI [11]–[17]. Methods
for three-phase four-leg VSI have been also studied [18],
[19]. In most applications, proportional-integral (PI) based
cascade control structure has been employed to control current,
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voltage, etc. [20]. Although this control technique is easy to
implement, it has some drawbacks. The major drawback is
that the performance of the entire system depends on the
performance of the inner control loop [21]. This controller
requires a modulator, such as 3D-SVPWM, to generate PWM
signals for the power switches to implement the desired control
action.

The model predictive control (MPC) is an attractive alter-
native to the classical control methods due to its fast dynamic
response, simple concept, and ability to include different
nonlinearities and constraints [22]. The major advantage of
MPC lies in the direct application of the control action to
the converter, without requiring a modulation stage. Several
studies have been presented under the name of MPC for cur-
rent control of traditional three-phase inverter [23], multilevel
inverters [24]–[27], qZSI [28], and several electrical machine
drives [29]–[32]. It is concluded that MPC is currently one
of the most attractive control techniques for power converters
and machine drives.

This paper presents MPC strategy of quasi-Z source (qZS)
three-phase four-leg inverter. As a response to the gaps in this
research area, the contributions of this study are summarized
as follows:

1) A qZS network has been used instead of a DC-DC+DC-
AC converter to overcome the drawbacks of traditional
three-phase VSI topology and two-stage power conver-
sion,

2) A three-phase four-leg inverter has been employed to
ensure reliable operation of renewable energy based
power generation system under balanced and unbalanced
load conditions,

3) MPC is used to control load current and qZS network
capacitor voltage with high accuracy and fast response,

4) The proposed controller handles each phase current
independently. As a result of this, the proposed qZS
four-leg inverter provides fault tolerant capability, for
example if one leg fails the others can work normally.

In order to verify the steady-state and transient-state per-
formances of the proposed control method, simulation and
experimental studies were carried out with different operating
conditions. The paper is organized as follows: an overview of
the proposed topology and the mathematical model are pre-
sented in Section II. The proposed MPC strategy is described
in Section III. In Section IV simulation and experimental
results are presented for different operating conditions. Finally,
the conclusion is provided in Section V.

II. QUASI-Z SOURCE FOUR LEG INVERTER MODEL

A. Topology

The qZS four-leg inverter topology withR−L output filter
is shown in Fig. 1. This topology can be investigated as two
stages: the quasi-Z source network and four-leg inverter with
R− L output filter and load.

In the first stage of this topology, the qZS is made of an
L − C impedance network, which can boost the DC voltage
in response to the so-called shoot-through zero state of the
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Fig. 1. quasi-Z source three-phase four-leg inverter topology.

inverter switching cycle. In the shoot-through zero state, two
semiconductor switches in the same leg are simultaneously
switched-on to create short-circuit across the DC link. During
this state energy is transferred in the qZS network from the
capacitors to the inductors, and this state is used to boost the
DC voltage.

In the second stage of this topology, the four-leg inverter is
used. As shown in Fig. 1, the load neutral point is connected to
the mid-point of the inverter fourth phase leg to allow for zero
sequence current/voltage. However, the addition of an extra leg
makes the switching schemes more complicated compared to a
three-leg VSI. Nevertheless, using the extra phase leg improves
inverter capability and reliability. The four-leg inverter can be
used under balanced/unbalanced and/or linear/nonlinear load
conditions.

B. Mathematical Model of the qZS Network

The equivalent circuits of the qZS network in non-shoot-
through and shoot-through states are illustrated in Fig. 2 (a)
and (b), respectively [33]. All voltages and currents are defined
in these figures and the polarities are shown with arrows.

1) Non-shoot-through state: During the non-shoot-through
state four-leg inverter model is represented by a constant
current source; it can be seen from Fig. 2 (a). By applying
Kirchhoff’s voltage law to Fig. 2 (a), inductors voltages (vL1

andvL2), DC link voltage (vPN ), and diode voltage (vdiode)
are written as

vL1 = Vin − VC1, vL2 = −VC2 (1)

vPN = VC1 − vL2 = VC1 + VC2, vdiode = 0 (2)

2) Shoot-through state: During the shoot-through state
four-leg inverter model is represented by short-circuit, it can
be seen from Fig. 2 (b). By applying Kirchhoff’s voltage law
to Fig. 2 (b), inductors voltages (vL1 andvL2), DC link voltage
(vPN ), and diode voltage (vdiode) are written as

vL1 = VC2 + Vin, vL2 = VC1 (3)

vPN = 0 vdiode = VC1 + VC2 (4)

At steady state, the average voltage of the capacitors over
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Fig. 2. Equivalent circuit of the Quasi-Z source network. (a) in non-shoot-
through state, (b) in shoot-through state.

one switching cycle are

VC1 = T1

T1−T0

Vin,

VC2 = T0

T1−T0

Vin.

}

(5)

whereT0 is the duration of the shoot-through state andT1

is the duration of the non-shoot-through state, andVin is the
input DC voltage.

From (2), (4), and (5) the peak DC link voltage across the
inverter bridge in Fig. 1 is

vPN = VC1 + VC2 =
T

T1 − T0
Vin = BVin (6)

whereT is switching cycle(T0 + T1), B is the boost factor
of the qZSI.

The average current of the inductorsL1, and L2 can be
calculated from the system powerP ;

IL1 = IL2 = Iin = P/Vin (7)

Applying Kirchhoff’s current law and (7) results in

ic1 = ic2 = iPN − IL1 (8)

The voltage gain (G) of the qZSI can be expressed as

G = v̂ln/0.5vPN = MB (9)

whereM is the modulation index,̂vln is the peak AC phase
voltage.

C. Mathematical Model of the Four-Leg Inverter

The equivalent circuit of the four-leg inverter with the output
R − L filter is shown in Fig. 3, where theLfj is the filter
inductance,Rfj is the filter resistance, andRj is the load
resistance for each of the phasej = a, b, c.

For a three-phase four-leg inverter, the addition of the fourth
leg makes the switching states 16(24). The valid switching
states with the corresponding phase and line voltages for the
traditional four-leg inverter are presented in [34]. In addition to
these switching states, for this application, one extra switching
state is required in order to ensure shoot-through state. There-
fore, a total of 17 switching states are used in this application.

The voltage in each leg of the four-leg inverter can be
expressed as

vaN = Savdc,

vbN = Sbvdc,

vcN = Scvdc,

vnN = Snvdc.



















(10)

whereSa, Sb, Sc, andSn are the switching states,vdc and
vnN are DC link and load neutral voltages, respectively.

The output voltage of this inverter can be written in terms
of the previous inverter voltages

van = (Sa − Sn)vdc,

vbn = (Sb − Sn)vdc,

vcn = (Sc − Sn)vdc.











(11)

By applying Kirchhoff’s voltage law to Fig. 3, the inverter
voltages can be expressed in terms of load-neutral voltages
and load currents as, in the following:

vaN = (Rfa +Ra) ia + Lfa
dia
dt

+ vnN ,

vbN = (Rfb +Rb) ib + Lfb
dib
dt

+ vnN ,

vcN = (Rfc +Rc) ic + Lfc
dic
dt

+ vnN .











(12)

From (11) and (12), the output voltages can be expressed
as

van = (Rfa +Ra) ia + Lfa
dia
dt

,

vbn = (Rfb +Rb) ib + Lfb
dib
dt

,

vcn = (Rfc +Rc) ic + Lfc
dic
dt

.











(13)

which is simplified to

vj = (Rfj +Rj) ij + Lfj

dij
dt

, j = a, b, c. (14)
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Fig. 3. Equivalent circuit of the three-phase four-leg inverter.
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and neutral currentin can be written as

in = ia + ib + ic (15)

The expression for output current, derived from (14) is

dij
dt

=
1

Lf

[vj − (Rfj +Rj) ij ] , j = a, b, c. (16)

III. T HE PROPOSEDMODEL PREDICTIVE CONTROL

The proposed MPC scheme is shown in Fig. 4. It has two
main layers, consisting of a predictive model and cost function
optimization. The discrete-time model of the system is used
to predict future behavior of the control variables. The cost
function is used to minimize the error between the reference
and the predicted control variables in the next sampling time.
This control technique has several advantages, such as: easy
to implement in both linear and nonlinear systems, it shows
high accuracy and fast dynamic response, and it has very small
steady state error throughout different operating points. More
detailed analysis of the MPC technique and its characteristics
can be found in [35]. Here, the proposed MPC scheme is
described in the following steps.

• Determination of references.
• Build discrete-time models of the system.
• Define a cost functiong.
• Prepare control algorithm.

A. Determination of references

DC link voltage and output currents references are normally
obtained through maximum power point tracking algorithm for
renewable energy sources. However, the objective of this paper
is the control capability of the qZS four-leg inverter. For this
reason, without loss of generality these references are left to
be defined by the user.

B. Discrete-time models of the system

The control of the qZS four-leg inverter output currents
(ia, ib, ic) and capacitor voltage (VC1) required two discrete-
time models be created from the continuous-time equations.
To do that, the general structure of the forward-difference
Euler equation (17) is used so as to compute the differential
equations of the output current and the capacitor voltage:

df

dt
≈ f (x0 + h)− f (x0)

h
(17)

To estimate the value in the next sample time, for a suitably
small time step (17) becomes the discretization equation

∆f (k)

∆t
≈ f (k + 1)− f (k)

Ts

(18)

whereTs is the sampling time.
1) Predictive Model I: This model is used to predict

future behavior of each of the output currents (ia, ib, ic). The
continuous-time expression for each phase current is given in
(16). By substituting (18) into (16), the discrete-time model
for each output phase current is

ij(k + 1) = Avvj(k + 1) +Aiij(k), j = a, b, c. (19)
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Fig. 4. Block diagram of the proposed model predictive control scheme.

whereij(k + 1) is the predicted output current vector at the
next sampling time andAv andAi are constant as defined by

Av = Ts

Lf+(R+Rf )Ts

Ai =
Lf

Lf+(R+Rf )Ts

}

(20)

2) Predictive Model II: This model is used to predict future
behavior of the capacitor voltage (VC1). The continuous-time
model of the capacitor current can be expressed as

iC1 = C1
d (VC1 − iC1rc)

dt
(21)

whereC1 andrc are the capacitance and the equivalent series
resistance (ESR) of the capacitor, respectively. Based on (21),
the capacitor voltage is derived as,

dVC1

dt
= rc

diC1

dt
+

1

C1
iC1 (22)

By substituting (18) into (22), the discrete-time model of the
VC1 can be obtained as

VC1 (k + 1) = VC1 (k) + iC1 (k + 1) rc + iC1 (k)

(

Ts

C
− rc

)

(23)

whereVC1(k+1) is the predicted capacitor voltage at the next
sampling time, andiC1(k) is capacitor current that depends
on the states of the qZSI topology. According to operational
principle of qZS network explained in Section II-B, for non-
shoot-through and shoot-through states, capacitor current can
be defined as follows:

i) During non-shoot-through state:

iC1 = IL1 − (Saia + Sbib + Scic) (24)

ii) During shoot-through state:

iC1 = −IL1 (25)

C. Cost Function Optimization

The selection of the cost function is a key part of the MPC
scheme. The proposed MPC scheme has two cost functions
which are used to minimize output current and capacitor
voltage errors in the next sampling time. The output current
cost function is defined as
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gi =
∥

∥i∗j (k + 1)− ij (k + 1)
∥

∥

2

= [i∗a (k + 1)− ia (k + 1)]
2

+ [i∗b (k + 1)− ib (k + 1)]
2

+ [i∗c (k + 1)− ic (k + 1)]2

(26)

where i∗j (k + 1) is the reference output current vector and
ij(k + 1) is the predicted output current vector in the next
step (j = a, b, c).

The cost function of capacitor voltage can also be defined
as

gv = λ ∗ |v∗C1 (k + 1)− vC1 (k + 1)| (27)

where v∗C1(k + 1) and vC1(k + 1) are the reference and
predicted capacitor voltages, respectively. The weighting factor
(λ) was determined by using cost function classification tech-
nique that was detailed in [36]. The complete cost function
is

g(k + 1) = gi(k + 1) + gv(k + 1) (28)

D. Control Algorithm

The flowchart for the proposed control algorithm is given
in Fig. 5. Cost function minimization is implemented as a
repeated loop for each voltage vector to predict the values,
evaluate the cost function, and store the minimum value and
the index value of the corresponding switching state. The
control algorithm can be summarized in the next steps:

1) Sampling the output phase currents (iabc), inductor cur-
rent (iL1), and capacitor voltage (vC1).

2) These are used to predict output currents and capacitor
voltage using the predictive model I, and II, respectively.

3) All predictions are evaluated using the cost function.
4) The optimal switching state that corresponds to the

optimal voltage vector that minimizes the cost function
is selected to be applied at the next sampling time.

IV. SIMULATION AND EXPERIMENTAL RESULTS

To verify the theoretical analysis and confirm the proposed
MPC technique of qZS four-leg inverter, simulation and ex-
periments have been conducted with the configuration shown
in Fig. 1. The parameters for both simulation and experiments
are given in Table I.

TABLE I
QZS FOUR-LEG INVERTER AND LOAD PARAMETERS

Parameter Value
Input DC voltage (Vin) 80-180 V
qZS network inductances (L1, L2) 2.5 mH
qZS network capacitors (C1, C2) 1000µF
Load resistance 5-10Ω

Filter inductance,Lf 10 mH
Filter resistanceRf 0.05Ω

Nominal frequency (fo) 50 Hz
Nominal output voltage (vln) 50 V rms
Sampling time (Ts) 40 µs

Fig. 5. Flowchart of the proposed MPC algorithm for qZS four-leg inverters.

A. Buck&Boost Conversion Modes Analysis

The proposed qZS four-leg inverter can operate both buck
or boost conversion modes according to the input voltage and
the desired output voltage. To test voltage gain and boost
factor performances of the four-leg qZSI, the input voltage is
changed from 180 V to 80 V. To simplify analysis, we assume
that output voltage (vln) is equal to load voltage (vR) and the
voltage onR − L filter is neglected. In order to ensure same
load voltage (̂vln = 50.

√
2) at wide range input voltage, the

reference output currents are (i∗a = i∗b = i∗c) set to 7 A and
loads are balanced (Ra=Rb=Rc=10 Ω).

The minimum input voltage must beVin = 2v̂ln/M = 123
V (with M = 2/

√
3) to maintain 50 V rms output voltage. If

the input voltage is above 123 V, the qZSI can operate in buck
conversion mode, vice versa, if the input voltage is below 123
V, the qZSI can operate in boost conversion mode.

Case – A1: Vin =180 V, M =0.8;
Experimental results of this case are shown in Fig. 6 (a).

Here,Vin >123 V, so, qZSI works in buck conversion mode.
Thus, the boost factorB =1 and the voltage gain isG =
B.M = 0.8. The maximum output line-to-line voltage is

v̂ab = v̂bc = v̂ca =
√
3.G.Vin/2 ∼=123 V
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It can be observed from Fig. 6 (a), the voltage onC1 is
equal to the input voltage 180 V and the voltage onC2 is 0
V. It can be noted that a pure DC current flows through an
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Fig. 6. Experimental results with the same output voltage at (a)Vin =180
V, M =0.8; (b)Vin =100 V, M =1; (c) Vin =80 V, M =0.85.

inductor due to the voltage onL1 is zero.

Case – A2: Vin =100 V, M =1;
In order to maintain constant output voltage, qZSI works

in boost conversion mode because ofVin <123 V. From (9),
one can get the boost factorB ∼=1.42 and the voltage gain
G ∼=1.42. The experimental results of this test are shown in
Fig. 6 (b). The voltage on the DC link (vPN ) is boosted from
100 V to 142 V. In this case, the maximum output line-to-line
voltage is

v̂ab = v̂bc = v̂ca =
√
3.G.Vin/2 ∼=123 V

It can be seen from Fig. 6 (b), the voltage onC1 andC2 is
120 V and 22 V, respectively. Notice that the inductor current
(iL1) is continuous that reduce the input stress.

Case – A3: Vin =80 V, M =0.85;
Fig. 6 (c) shows the experimental results for this case. From

(9), the boost factorB =2.08 and the voltage gainG =1.768
is obtained. Thus the DC link voltage (vPN ) is boosted from
80 V to 166 V. In this case, the maximum output line-to-line
voltage is

v̂ab = v̂bc = v̂ca =
√
3.G.Vin/2 ∼=123 V

It can be seen from Fig. 6 (c), the voltage onC1 andC2 is
124 V and 42 V, respectively. Experimental results show that,
the qZS four-leg inverter can provide constant output voltage
under various input voltages without using DC/DC converter
or transformer.

B. Steady-State Analysis

To perform steady-state analysis, the reference of qZS
network capacitor voltage (V ∗

c1) is set to 150 V and the input
voltage isVin=100 V which results in the qZS four-leg inverter
operating in boost mode in the following experimental studies.

The following three cases are considered to show the
effectiveness of the proposed controller under steady-state
operation.

1) Case–B1:Balanced reference currents (i∗a = i∗b = i∗c =
10 A ) and balanced loads (Ra=Rb=Rc=7.5Ω).

2) Case–B2:Balanced reference currents (i∗a = i∗b = i∗c =
10 A ) and unbalanced loads (Ra=5 Ω, Rb=Rc=7.5Ω).

3) Case–B3:Unbalanced reference currents (i∗a = 10 A,
i∗b = 5 A, i∗c = 5 A) and balanced loads (Ra=Rb=Rc=10
Ω).

Steady-state experimental results of these cases are shown
in Figs. 7 (a)–(c). All experimental results show that the output
currents (ia, ib, ic) and the capacitor voltage (VC1) track their
references (i∗a, i

∗

b , i
∗

c , V
∗

C1) with high accuracy while the DC
link voltage (VPN ) is kept constant. The neutral current, which
is the sum of the three-phase load currents, is zero in cases
of balanced reference current (see Figs. 7 (a), and (b)). On
the other hand, the neutral current flows through the fourth
leg of the inverter in case of the unbalanced reference current
(see Fig. 7 (c)). It can be observed that the inductor current
(iL1) remains continuous, which significantly reduce the input
stress. It is important to note that double-line frequency (2*fo)
ripple exist on the qZS inductor current, capacitor voltages,
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and DC-link voltage due to the unbalanced currents. However,
it can be observed from Figs. 7 (b), and (c) that these ripple

ia ib ic

in

iL1

vPN

VC1

VC2

5 ms/div

5 A/div

10 A/div

50 V/div

10 A/div

(a)

ia ib ic

in

iL1

vPN

VC1

VC2

5 ms/div

5 A/div

10 A/div

50 V/div

10 A/div

(b)

ia
ib ic

in

iL1

vPN

VC1

VC2

5 ms/div

5 A/div

10 A/div

50 V/div

10 A/div

(c)

Fig. 7. Experimental results of steady-state analysis with (a) balanced
reference currents and balanced loads; (b) balanced reference currents and
unbalanced loads; (c) unbalanced reference currents and balanced loads.

are very low and these are dependent on the design of qZS
network.

The simulation result of the load currents trajectories under
various reference values is shown in Fig. 8. The blue trace
(c) is balanced current condition, while the black (b) and
red (a) are unbalanced. The trajectory under balanced current
condition shows a circle shape and the zero-sequence current
is zero. On the other hand, the trajectories under unbalanced
current condition show an oval shape and the zero-sequence
current travels alongside theγ axis.

C. Transient-State Analysis

The simulation results of transient-state analysis with bal-
anced and unbalanced reference currents are shown in Figs.
9 (a) and (b), respectively. The reference output currents step
from 5 to 10 A are shown in Fig. 9 (a). For this test, reference
loads (Ra=Rb=Rc=6 Ω) are balanced. It can be seen that
the output currents track to the references with fast rise time
and no overshoot. The qZS network voltage (vPN ) is also
kept constant by the proposed controller at the current step-up
instant.

In Fig. 9 (b), the results are presented with unbalanced ref-
erence current step change and balanced loads (Ra=Rb=Rc=6
Ω). For this test, all reference output currents are set to 5 A
at the beginning. Then, reference currents are set toi∗a = 7 A,
i∗b = 10 A, andi∗c = 12 A. Results of this test show that, the
proposed controller handles each phase current independently
and the output currents (ia, ib, ic) and the capacitor voltage
(VC1) track their references (i∗a, i

∗

b , i
∗

c , V
∗

C1) with high accuracy
while the DC link voltage (VPN ) is kept constant. However,
the double-line frequency (2*fo) ripple exist on the qZS
network due to unbalanced current.

The experimental results with the same operating conditions
are shown in Figs. 10 (a) and (b), respectively, which totally
agree with the simulation results. It can be clearly seen
from results, the transient time is very short, and there is
no overshoot. Furthermore, the output currents are controlled
independently by the proposed controller.

✻

❄

✻
❄

✻

❄

❵❛ γ
(c)

(a)

(b)

Fig. 8. Trajectories of output current under various reference currents (a)
ia =10, ib =0 A, ic =10 A; (b) ia =10, ib =5 A, ic =5 A; (c) ia = ib =

ic =10 A.
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D. Analysis of Fault-Tolerant Capability

The proposed system is also tested for a fault condition,
which may occur during the operation of the three-phase

(a)

(b)

Fig. 9. Simulation results of transient-state analysis with (a) balanced
reference currents and balanced loads; (b) unbalanced reference currents and
balanced loads.

ia ib ic

in
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VC1

VC2

5 ms/div

5 A/div

10 A/div

50 V/div

10 A/div

(a)

ia

ib ic

in

iL1

vPN

VC1

VC2

5 ms/div

5 A/div

10 A/div

50 V/div

10 A/div

(b)

Fig. 10. Experimental results of transient-state analysis with (a) balanced
reference currents and balanced loads; (b) unbalanced reference currents and
balanced loads.

inverters. To do that, one-phase is made an open-circuit and
the corresponding reference current (i∗b) is set to 0 A. The
transient-state experimental results are shown in Fig. 11 (a).
It is clear that, even with single-phase open-circuit fault
condition, the output currents are controlled independently
by the proposed controller and the circulating current flows
through the fourth leg of the inverter. Although there is single-
phase open-circuit fault, inverter can supply other two phases
loads with low (2.8%) total harmonic distortion (THD), as
shown in Fig. 12 (a).

To compare fault-tolerant capability of the proposed system
with a traditional MPC qZS three-leg inverter, the system is
tested under a single-phase open-circuit fault condition. In this
test, the neutral point of the load is connected to the star
point of the secondary side of the∆/Y transformer, which
is connected to the output of qZSI, to observe the circulating
current. The ’b’ phase is open-circuited and the corresponding
reference current (i∗b) is set to 0 A similar to previous case in
Fig. 11 (a). Experimental results of this test are shown in Fig.
11 (b). The stability of the qZS network deteriorated after
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Fig. 11. Transient-state experimental results under single-phase open-circuit
fault. (a) proposed qZS four-leg inverter, (b) traditional qZS three-leg inverter
with MPC control.

single-phase fault. The inductor current is discontinuous that
increases the input stress, and the output current waveforms
affected from the fault. Furthermore, the output current of
THD is higher than previous case, as shown in Fig. 12 (b).
As a result of this test, the proposed qZS four-leg inverter
offers much better fault-tolerant capability than traditional
three-phase inverter.

E. Analysis of Symmetrical Components

To analyze the symmetrical components (zero, positive, and
negative sequences) of the three-phase current signals under
unbalanced conditions, Fortescue method is used [37]. The
level of unbalance is also described by the negative sequence
current unbalance factor (ρi), which is given as the modulus
of the ratio of negative to positive sequence currents (same for
the negative sequence voltage unbalance factor (ρv)) [38].

ρi =
in
ip

∗ 100 (%) (29)

(a)

(b)

Fig. 12. Total harmonic distortion under single-phase open-circuit fault. (a)
proposed qZS four-leg inverter, (b) traditional qZS three-leg inverter with
MPC control.

where ip, and in are positive, and negative sequence com-
ponent, respectively. According to the Fortescue method and
definition given in (29), Table II shows some of the case
studies and their symmetrical components, and the negative
sequence current unbalance factor. Phase angles of the currents
areθa = 0◦, θb = −120◦, andθc = −240◦.

TABLE II
SYMMETRICAL COMPONENTS AND UNBALANCE FACTOR

Case Studies i0 ip in ρi

Fig. 7 (a) :
ia = ib = ic = 10 A 0 A 10 A 0 A 0%
Fig. 7 (c) :
ia = 10 A, ib = ic = 5 A 1.67 A 6.67 A 1.67 A 25%
Fig. 8 (a) :
ia = ic = 10 A, ib = 0 A 3.33 A 6.67 A 3.33 A 50%
Fig. 10 (b):
ia = 7 A, ib = 10 A, ic = 12 A 1.45 A 9.67 A 1.45 A 15%

V. CONCLUSION

This paper presents model predictive control (MPC) scheme
for quasi-Z source (qZS) three-phase four-leg inverter. The
main aim of this paper is to achieve single-stage power con-
verter topology for renewable energy based power generation
systems under balanced and unbalanced conditions with high
control capability. To do that, qZS three-phase four-leg inverter
topology was proposed in this study. To improve control
capability of the controller, the MPC scheme was employed
in the controller stage. Simulation and experimental studies
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were performed to verify the performance of the proposed
inverter topology and its control strategy. The results show
that the proposed technique not only has an excellent steady-
state and transient performances, but also it is robust against
fault conditions.
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