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Abstract—This paper presents finite-control-set model-
predictive control (FCS-MPC) for a three-phase quasi-Z-
source (qZS) four-leg inverter under unbalanced load con-
dition. The key novelty of the proposed control approach is
eliminating the double-line frequency ripple in the inductor
current with a simple and effective approach. The proposed
four-leg gZS inverter with an output LC filter can handle
buck/boost and dc/ac conversion features in a single stage.
Furthermore, the FCS-MPC-based control algorithm helps
in maintaining balanced point of common coupling volt-
ages for stand-alone unbalanced loads. The behavior of the
predictive controller has been investigated under different
operating conditions, and its robustness with the qZS net-
work and the LC filter parameter variations are also studied.
Furthermore, the effect of double-line frequency ripple and
its relation with the inductor current constraint have been
tackled comprehensively. To verify the performance of the
proposed approach, simulation and experimental studies
were performed for balanced and unbalanced loads.

Index Terms—DC-AC power conversion, digital control,
model-predictive control, quasi-Z-source inverter (qZSl).

|. INTRODUCTION

NSTALLING stand-alone power systems in off-grid loca-
I tions has been receiving much attention recently due to their
considerable advantages. They are most often used in remote
areas where electricity is not available or where the connection
fees of the utility grid are very expensive such as remote vil-
lages, islands, ship propulsion systems, and large communities
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[1]. In such systems, power converters play a critical role in
supplying constant and smooth voltage to the local loads that
can be single-/three-phase and balanced/unbalanced loads.

Various power electronic converter topologies have been pro-
posed in the literature for the renewable-energy-source-based
stand-alone applications. Typically, these are divided into two
main categories: dual-stage (with dc/dc converter) and single-
stage (without dc/dc converter). Each of these categories may
contain galvanically isolated or nonisolated topologies, among
other features. The single-stage inverter topology offers advan-
tages over the dual-stage that include a lower number of active
semiconductor switches, higher efficiency, and increased reli-
ability [2], [3]. This single-stage topology, however, must still
perform the same functions as a dual-stage inverter including
maximum power point tracking (MPPT), immunity to input
voltage variations, and producing clean sinusoidal output cur-
rent with low total harmonic distortion (THD) [4].

One of the competitive single-stage topology candidates that
has received significant interest for the photovoltaic (PV) sys-
tems is the quasi-Z-source inverter (qZSI) [5], [6], a variant of
the Z-source inverter. The gZSI can provide voltage buck/boost
and dc/ac conversion functionality in a single stage with simple
impedance (Z = LC') network [7].

Although the three-phase three-leg qZSI is employed in many
stand-alone PV applications [8], it has some drawbacks. One of
the main drawbacks of this topology is that it is designed to
supply balanced three-phase loads. On the other hand, unbal-
anced loads can also be connected to such systems. As a result,
circulating current flows throughout the power system, which
results in overheat in the neutral line whereas high distortion in
the output voltage [9]. To overcome these issues, a three-phase
four-wire voltage-source inverter (VSI) can be used with the split
dc-link capacitors. This approach is simple; however, it leads to
low utilization of the dc-link voltage, and it requires two large
capacitors to circumvent the current ripples [10]. To improve dc-
link utilization and reduce the dc-link capacitor size, a four-leg
inverter is becoming an attractive solution for the three-phase
four-wire systems, especially where loads are unbalanced [11],
[12]. The four-leg inverter topology can be employed in many
applications that include stand-alone PV systems [13], uninter-
ruptible power supplies [14], and dynamic voltage restorers [15].

Similar to the traditional single-phase inverter, the double-
line frequency (2f,) power flows through the dc link of the
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quasi-Z-source (qZS) four-leg inverter in case of unbalanced
output current condition. This leads to 2f, voltage ripple of
the dc link and capacitor and 2 f,, current ripple of impedance
network inductors. Most particularly, high 2 f,, current ripple in
the inductor results in high hysteresis losses, which reduces the
overall system efficiency. One way to minimize the 2 f, ripple
in the current is to use a large inductance, which considerably
increases the inverter size, weight, and cost. For that reason,
using such a system under unbalanced load condition requires
special control techniques to reduce or eliminate 2 f, ripple in
the dc-link voltage and current.

The control of power electronic converters plays an impor-
tant role to ensure good transient response with high accuracy
in steady-state operation. However, those are still problematic
issues of the classical linear controllers [16]-[18]. Moreover,
the classical linear controllers require an additional modulation
stage to generate the gate signals for power switches, which of-
ten would be complex in nature [19]-[22]. For that reason, their
limitations should be considered when applied to the qZSIs and
four-leg inverters.

A finite-control-set model-predictive control (FCS-MPC)
technique is appeared as a new control approach for power elec-
tronic converters due to its considerable benefits such as easy im-
plementation, flexibility, and nonlinearities in the cost function
[23], [24]. FCS-MPC is also straightforward to implement and
provides the ability to incorporate various operational variables
and constraints without structural changes in the main control
design [25], [26]. The FCS-MPC has been successfully applied
for different types of power electronic applications [27]-[31].

A predictive control technique for a four-leg qZSI was pre-
sented in [32] with limited simulation results. Furthermore, in
[32], the output current and capacitor voltages were controlled
without taking into consideration double-line frequency ripples
in the case of unbalanced load condition. On the other hand,
this paper provides a comprehensive FCS-MPC-based control
algorithm, which eliminates 2 f, ripple in the inductor current.
The proposed control approach improves the overall system
performance compared to previous work. Simulation and ex-
perimental investigations are conducted to verify the proposed
system performance. The main contributions of this study are
summarized as follows.

1) The advantages of qZSI and four-leg inverter topology are
combined together to obtain a robust and effective single-
stage power converter for stand-alone applications.

2) The load voltage is controlled instead of the load current.
Thus, the proposed system is suitable for the stand-alone
applications.

3) The input current is controlled to mitigate the double-
line (2 f,) frequency ripple in the inductor current, which
leads to significant reduction of the input stress without
using additional passive or active techniques. As a result,
the size and cost of the inverter is decreased.

4) The robustness of the proposed controller is studied with
parameters variations.

This paper is organized as follows. In Section II, the contin-
uous time model and operating principle of the qZS four-leg
inverter are presented. The proposed FCS-MPC strategy is de-
scribed in Section III. The simulation and experimental results
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Fig. 1. Quasi-Z source three-phase four-leg inverter with an output LC'

filter.

TABLE |
SWITCHING STATES OF THE THREE-PHASE FOUR-LEG INVERTER WITH
SHOOT-THROUGH STATE

Switching State Sa Sa Sb Sb Sc¢c Sc¢ Sm  Sn
Non-shoot-through states 0 1 0 0 1 0 1 0 1
1 1 0 1 0 0 1 0 1
2 0 1 1 0 0 1 0 1
3 0 1 1 0 1 0 0 1
4 0 1 0 1 1 0 0 1
5 1 0 0 1 1 0 0 1
6 1 0 1 0 1 0 0 1
7 0 1 0 1 0 1 0 1
8 1 0 0 1 0 1 1 0
9 1 0 1 0 0 1 1 0
100 0 1 1 0 0 1 1 0
11 0 1 1 0 1 0 1 0
12 0 1 0 1 1 0 1 0
13 1 0 0 1 1 0 1 0
14 1 0 1 0 1 0 1 0
15 0 1 0 1 0 1 1 0

STS!

>
-
-
-
-
-
-
-
-
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are presented together in Section IV. Finally, conclusions are
given in Section V.

Il. QUASI-Z-SOURCE FOUR-LEG INVERTER MODEL

Fig. 1 shows the proposed qZS four-leg inverter topology
with unknown local loads. Although traditional four-leg inverter
topology requires 16 switching states, the qZS four-leg inverter
topology needs one more switching state to achieve boost capa-
bility. To do that, both switches in the same leg must be turned
ON at the same time, which is prohibited in the traditional VSIs.
The switching states are given in Table I.

A. Mathematical Model of the Quasi-Z Source Network

Mathematical models of the gZS network are summarized in
this section [32]. The current and voltage labels are defined in
Fig. 2(a) and (b).

The four-leg inverter can be illustrated as a constant current
source in case of the nonshoot-through state [see Fig. 2(a)].
The inductor voltages (vz; and vy 9), de-link voltage (vpy ), and
diode voltage (vp) are

Vin_ VCI;
Vo1 —wvpe = Veor + Voo,

vro = —Veo (D
Udiode = 0. )

vp1 =

UPN
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. ic) through a neutral inductor (L,,). Although using one extra leg
- —> . . . . .
VL increases the complexity of the inverter, it provides the zero-
1L1 1L2 oy
—> Vdiode —> sequence voltage control capability for the unbalanced loads.
= -T’+ Bég\ + Furthermore, using L,, reduces the switching frequency ripples
D - . . . .
V., 4 in the neutral current (¢,,) [33]. It can be noticed that the inverter
T],n VQFQT ics G) vey neutral point is depicted as n, whereas the load neutral point is
'T - PN depicted as o. To simplify the analysis, the following voltage
: - and current vectors are defined:
GREER T
7 vV = [’Uan Ubn vcn]
L2
—> T
Vo = ['an Uoh 'Uoc]
+ + v - +vp - F i— . . . T ©)
v T + ; - [Zu (2 Zc}
Ly V ] VPN o i. = . . . T
'T CI_/‘\TZCI l o = [Zoa Lob Zoc]
y The output voltage of the inverter is
Fig. 2. Equivalent circuit of the gZS network. (a) Nonshoot-through Vin = Vit — vpN = (Sj _ Sn) V:.N PN, j=a,b,c (10)

state. (b) Shoot-through state.

On the other hand, the four-leg inverter is illustrated as short
circuit in dc-link voltage, as shown in Fig. 2(b), in the case of
the shoot-through state. In this case, the inductor voltages (vr1
and vy,2), dc-link voltage (vpn), and diode voltage (vgiode) are

vpr = Vea + Via, vie = Ve 3

vpN = 0 Vdiode = Vo1 + Voo “4)

The average capacitors voltage over one switching cycle are
Vor = Vo = mi

o (%)
Voo = T, = Vin = nVi

where 7T is the duration of the shoot-through state, 7} is the
duration of the nonshoot-through state, and Vj, is the input dc
voltage. Here, m > 1 and m —n = 1. From (2), (4), and (5),
the peak dc-link voltage across the inverter bridge is given by

vpn = Vo1 + Voo = T TTOV
where 7' is the switching cycle and B is the boost factor of the
qZSIL. If B <=1, then the inverter works in buck mode, and if
B > 1, then the inverter works in boost mode. From (5), B can
be rewrittenas m +n = B,and 1 < m < B.
The average current of inductors Ly and Ls can be calculated
by the inverter power rating P

Ity = Iy = Iin = P/Vin. @)

= BVin (6)

According to Kirchoff’s current law and (7), we can also
obtain that

i1 = le2 = ipN — IL1. (8)

B. Mathematical Model of the Four-Leg Inverter

Fig. | illustrates the four-leg inverter topology with an output
LC filter. In this configuration, the neutral point of the load
and the star point of C filter are connected to the fourth leg

where Vpy is the dc-link voltage and v,y is the load neutral
voltage.

By applying Kirchhoff’s laws to Fig. 1, the load voltage and
current vectors can be written as

di diy,

o — i Ly— — iy ‘n, - Ln 11

Vo = Ryit Ly +v — Ry o 1D
dv,

i= C 12

i= i, +Cy i (12)
in = - (Za, + Zb + Z(‘)
Z'on = - (ioa + iob + ioc) . (13)

By solving (11)—(13), the state-space model of the inductive
and capacitive filter is computed by

d|vel| Vo v
i lv]=alv]en ]l a0
I —I
0 — 0 =
o Of - Cf
A= B = 1 :
LBy =0
Leq Leq 626 Leq 6x6
_Rf + Rn, Rn Rn
Rq=| R, R;+R, R,
R, R, Ry+R,
_Lf + Ln Ln Ln
Lg=| L. Li+L, L, (15)
Ln Ln Lf + Ln

where 0 and I are the third-order null and identity matrices,
respectively [33].

I1l. MODEL-PREDICTIVE CONTROL OF THE QZS
FOUR-LEG INVERTER

The block diagram of the proposed predictive-based control
approach is shown in Fig. 3. By using the FCS-MPC approach,
the cost function can easily manage a multiobjective problem
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Fig. 3. Proposed FCS-MPC scheme for a qZS four-leg inverter.

and handle the system constraints. The proposed intuitive pre-
dictive approach consists of the following four main steps.

A. References and Extrapolation

The output voltage magnitude and frequency are selected to
110 V rms and 50 Hz, respectively. The dc-link voltage refer-
ence value is normally obtained through the MPPT algorithm.
However, the reference dc-link voltage is selected manually
without loss of the main aim of the study. Furthermore, the
reference input (inductor) current should be obtained from the
inverter power rating. i; = P/Vi,, where Vi, and P are the input
voltage and power rate of the qZSI, respectively.

Once the references are obtained in the kth instant, they must
be extrapolated to the (k+1)th instant for the use within the cost
function. When the sampling time 7 is sufficiently small (< 20
148), no extrapolation is required [34]. In this case, z*(k + 1) =
2*(k). When the sampling time 7 is greater than 20 us, the
following fourth-order Lagrange extrapolation can be used [34]:

" (k+1) =4z" (k) — 62" (k—1)
+ 42" (k—2)—2"(k—3). (16)

B. Predictive Models

The digital implementation of the proposed control algorithm
requires a discrete-time model of the control parameters. Since
the proposed controller handles three control objectives, the pre-
dictive model of the system requires three discrete-time equa-
tions. This paper considers a first-order approximation (17) for
the derivative computation due to the first-order nature of the
state equations

de  x(k)—xz(k—-1)
0 T, . 17)
1) Predictive Model I: To predict the future behavior of
the output voltage vector (v, ), the mathematical model of the
four-leg inverter, which is given in Section II, is employed.
The continuous-time expression for the v, is given in (14).
By substituting (17) into (14), the discrete-time model can be

2) Predictive Model II: To predict future behavior of the
inductor current (¢7,), the inductor voltage model is employed.
The continuous-time model of the inductor voltage can be ex-
pressed as
dig,

dt
where L is the inductance of the inductor. Based on (19), the
inductor current is derived as

dig, 1

—_— = —=Uy.

ad L *
By substituting (17) into (20), the discrete-time model of the

17, can be obtained as

vp1 =L 19)

(20)

in (k1) = i () + o ()

where i7,(k + 1) is the predicted inductor current at the next
sampling time, and vy, (k) is the inductor voltage that depends
on the states of the qZS topology. According to the operational
principle of the qZS network that was explained in Section II,
for the nonshoot-through and the shoot-through states, inductor
voltage can be defined as follows.

1) During nonshoot-through state:

2

vy = Vin —ver. (22)
2) During shoot-through state:
vy = Vin +vea. (23)

3) Predictive Model Ill: This model is employed to
predict future behavior of the capacitor voltage (Vi1). The
continuous-time model of the capacitor current can be
expressed as

. dvcy

ic1 =Ch 7
where C is the capacitance of the capacitor. Based on (24), the
capacitor voltage is derived as

(24)

d’UCl 1

dt ¢

By substituting (17) into (25), the discrete-time model of the
Ve can be obtained as

ic1- (25)

T.

Vo1 (k‘ + 1) = V01 (/4}) + Eﬁi()l (k‘) (26)

where ve1 (k + 1) is the predicted capacitor voltage at the next
sampling time, and i¢ (k) is the capacitor current that depends
on the states of the qZSI topology. For the nonshoot-through
and the shoot-through states, capacitor current can be defined
as follows.

1) During nonshoot-through state:

ic1 =1 — (Saia + Spip + Seic). (27)
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2) During shoot-through state:

o1 = —ip1- (28)

C. Minimization of the Cost Function

To handle the desired control objectives, three cost functions
are defined. The first term in the cost function is responsible to
minimize the error between the reference and predicted voltage
vectors

go, B+ =|vi(k+1)—ve (k+ D> (9

where v (k+ 1) is the reference output voltage vector and
Vo (k+ 1) is the predicted output voltage vector in the next
step. The second term of the cost function handles the reference
tracking of inductor current, which is defined as

gr, (k+1) =lip, (k+1) —ir (k+1)] (30)

where ¢ (k + 1) and iz, (k + 1) are the reference and predicted
inductor currents in the next step, respectively. The last term of
the cost function minimizes the error between the reference and
predicted capacitor voltage values

goe (k+1) =gy (k+1) —ver (k+ 1] (3D)

where v (k+ 1) and v (k + 1) are the reference and pre-
dicted capacitor voltages in the next step, respectively. The
complete cost function is

gk+1)= v, (k+1)+ Ai-Gi, (k+1)+ Ay -Gve (k+1)
(32)
where A; and X, are the weighting factors. Tuning of these
factors will be discussed in Section IV-A.

D. Control Algorithm

Fig. 4 shows the FCS-MPC-based control algorithm in the
flowchart form. As shown in Fig. 4, predictive models II and IIT
depend on the switching states, while the predictive model is
independent from the switching states. To select correct predic-
tive models, a simple detection algorithm is employed in a very
simple way: If k£ < 15, then the state is nonshoot-through, and
if k = 16, the state is shoot-through state. The switching states
of the inverter are given in Table I. The corresponding switching
state is selected by the cost function, which stores the minimum
error.

[V. SIMULATION AND EXPERIMENTAL RESULTS

Simulations and experiments are carried out to show the
performance and effectiveness of the proposed FCS-MPC in
controlling the qZS four-leg inverter. The proposed control al-
gorithm has been implemented in a dSPACE DS 1006 controller
board. The currents and voltages are measured by LEM LA
100-P and LV 25-P transducers, respectively. The inverter proto-
type has been built by Semikron SKM75GB 12T4 dual insulated-
gate bipolar transistor modules. The parameters used in the
simulation and experimental tests are the same, and they are
summarized in Table II.

heasurement
ik dgrhh var k), igrk), vkl

Apply switching state
5

Predictive Maodel 1
Eq. (18}

I state 15

shroat-throngl

Predictive Model 11
Eq.(21)

if state 15

shaat-thrangl

llr.- 1L 5alat Sply -\}JJI I Tei=-Ips I

Predictive Model 111
Eq. (26)
Minimization of Cost Function
Eq. (32)

Select Koy

Ko = Mt (g} 007

kep= K| g

|

Fig. 4. Flowchart of the proposed FCS-MPC algorithm.

TABLE Il
QZS FOUR-LEG INVERTER AND LOAD PARAMETERS

Parameter Value
Input dc voltage (Vin) 150V
qZS network inductances (L, Lo) 1.0 mH
qZS network capacitances (C, C'y) 1000 p F°
Filter inductance, (L s, L, ) 5 mH
Filter resistance (R, R, ) 0.02 Q
Filter capacitance (C'y ) 40 uF
Nominal load voltage (v ) 110 V rms
Nominal frequency (f,) 50 Hz
Sampling time (7' ) 50 ps

A. Tuning of Weighting Factors

Since the proposed FCS-MPC technique is based on the mul-
tioptimization problem, the weighting factors (1; and X,) are
first tuned to guarantee the stability and desired performance of
the system. However, the weighting factor selection is still an
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Fig. 5. Weighting factor influence on the output voltage, the input cur-

rent, and the capacitor voltage.

open topic for research. Right now, there are no analytical or
numerical methods to adjust weighting factors, which are deter-
mined based on empirical procedures. In this study, the tuning is
conducted based on minimizing the error on the output voltage
(eyo) and minimizing the double-line frequency (2 f,) ripple on
the input current (A;,,) and the capacitor voltage (Avy,,). To
observe the effect of A; and A, on the performance and selecting
the optimum value for the best control results, ey, 4\;,,, and
Avy,, (these variables are selected as performance indicators
for the selection of the optimum weighting factors) were mea-
sured for different values of 1; and X,. To simplify the analysis,
Ay is chosen equal to 0.1*};. To observe the effect of the 2f,
on i71 and Vo, this test was performed with unbalanced load
condition. Fig. 5 shows the variation of ey,, 2\, ,, and Ay, as
a function of X;. The results have been obtained by performing
several simulations, starting with A; = 0 and gradually increas-
ing these values. It can be observed (see Fig. 5) that a reduction
of the ripples on the inductor current and the capacitor volt-
ages introduces higher reference tracking error on the output
voltage, which affects the quality of the output current as well.
This tradeoff is very clear in Fig. 5. Notice that the optimum
performance is obtained for A; between 0.6 and 0.75 since the
voltage error is still below 5% of the rated voltage and a sig-
nificantly reduction is achieved for the inductor current and the
capacitor voltage ripples. Thus, A; = 0.75 and 1, = 0.075 are
considered as the optimum weighting factors and are used for
the simulation and experimental tests.

B. Steady-State Analysis

To test steady-state performance of the proposed system, the
following four cases are considered. For all cases, the input
voltage is Vi, = 150 V and the reference capacitor voltage is

Y = 225 V. The load topologies used in the experiments are
shown in Fig. 6.
(1) Case CI: balanced reference voltages (v}, = v}, =
v¥, = 110 V) and balanced loads (R,=R,=R.=10 )
[see Fig. 6(a)].

| Vin | qZS 4-leg

inverter

Fig. 6. Load topologies used in the simulations and experiments.
(a) R load. (b) RL load. (c) One-phase open R load. (d) Half-bridge
rectifier with RL load.

(2) Case C2: balanced reference voltages (v}, = v}, =
vy, = 110 V) and single-phase RL loads (R, = 30€2,
Ry, =10Q2,R. =6Q,L, =0mH, L, =5mH, L, =5
mH) [see Fig. 6(b)].

(3) Case C3: balanced reference voltages (v}, = v5, =
vy, =110 V) and single-phase no loads (R, = oo €,
Ry = R, =10 Q) [see Fig. 6(c)].

(4) Case C4: balanced reference voltages (v), = v}, =
v, = 110 V) and a combination of balanced (R, =
R, = R, =10 Q) [see Fig. 6(a)] and RL load as shown
in Fig. 6(d) (R,; =10, L,,; = 10 mH).

Fig. 7(a)—(d) shows the steady-state performance of the
proposed system. It can be seen that the output voltages
(Voas Vob , Voe )» the inductor current (i7,1 ), and the capacitor volt-
age (V1) track their references with high accuracy for all cases.
It is shown that the dc-link voltage is 300 V, which confirms
theoretical analysis in Section II. It is also clear that the neutral
current (7,,) is zero for cases C1 and C4 [see Fig. 7(a) and (d)].
The neutral current, however, appears in the fourth leg for cases
C2 and C3 [see Fig. 7(b) and (c)].

C. Transient-State Analysis

1) Case DI: balanced reference voltages (v}, = v =
vy, =110 V ). A step change from balanced loads
(R, = Ry = R. =30Q) to balanced loads (R, = R, =
R.=15Q).
2) Case D2: balanced reference voltages (v;, = v}, =
v,, =110 V ). A step change from balanced loads
(R, = Ry = R, = 15 Q) to unbalanced loads (R, = 15
Q, R, =30Q, R, =2250Q).
3) Case D3: balanced reference voltages (v}, = v}, =
v, = 110 V). A step change from balanced loads (R, =
Ry, = R. = 15 Q) tono load in Phase b (R, = R. = 15
Q, Rb = 0 Q)
4) Case D4: balanced reference voltages (v}, = v}, =
vy, = 110 V). A step change from balanced loads (R, =
Ry, = R. = 15 Q) to no load in Phase b and ¢ (R, = 15
Q, R, =R, =00)).
The results of the first and second cases are depicted in
Fig. 8(a) and (b). It can be seen that transient response is very
fast, and no overshot is observed. Furthermore, the disturbance
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Experimental results of the transient-state analysis with (a) balanced reference voltages and balanced load step, (b) balanced reference

voltages and unbalanced load step, (c) balanced reference voltages and no load in phase b, and (d) balanced reference voltages and no load in

phases b and c.

in the load voltage is very small, and it can be neglected at load
change step. Note that the neutral current (,,) appears under the
unbalanced load condition [see Fig. 8(b)].

The proposed system is also tested under one-phase and two-
phase open circuit conditions, which may occur during the oper-
ation of such power converters in islanding mode (cases D3 and
D4). This is investigated because single-phase and two-phase
loads are common in islanding operation. The experimental re-
sults of one-phase and two-phase open-circuit conditions are
given in Fig. 8(c) and (d), respectively. From these cases, it is
evident that the controller is very robust and reliable, withstand-
ing the one-phase and two-phase open-circuit conditions. It is
remarkable to note that there is no significant disturbance on
the qZS network voltage (Vpn) and current (¢71) under these
tests.

D. Robustness to Parameters Variations Analysis

Since the proposed controller is model based, the accuracy of
the controller depends on the system parameters. For this reason,
the objective of this section is to investigate the robustness of the
proposed predictive control to the parameters variations of the
filter and qZS network inductances and capacitances. It is worth

to mention that during the study, the controller is unaware of the
parameters variations and remains using the rated parameters
given in Table II. The parameter variations have been analyzed
through simulations. During the simulations, balanced reference
voltages (v}, = v}, = v;,=110 V rms) and unbalanced loads
(R, =108, Ry, =59, R. =5 ) are considered.

To show filter parameter effect on the system performance, the
percentage mean absolute voltage reference tracking error (%e)
and total percentage harmonic distortion (THD) are calculated
according to the guidelines given in [35]. Furthermore, to ob-
serve the qZS source network parameter effect on the controller,
the ripples on the capacitor voltage (Ay, ) and the inductor cur-
rent (A;, ) are calculated. The obtained simulation results are
shown in Fig. 9(a)—(d). It can be noted that these variations have
little impact on the %THD, %e,,, , A;, , and Ay,, . The variations
in Cy have more impact on the %e,,, than the L variations. In
addition, it can be observed that minimum A;, and Ay, are
ensured at the rated value of the qZS source network’s induc-
tance and capacitance, respectively. In conclusion, even with
the mismatch filter and qZS network parameters, the proposed
FCS-MPC can handle this issue without significant impact on
the system performance and shows that relatively low sensitive
to parameters change.
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E. Analysis of DC-Side Low-Frequency Power

To overcome 2 f,, ripple in the inductor current, the third term
(gi, ) 1s added in the cost function. To verify the effect of g; on
the control performance, the proposed four-leg inverter is also
tested with two terms in the cost function, which are g,, and
gvc- The obtained experimental results of this test are shown in
Fig. 10(a) and (b). At the beginning of this test, the output loads
were balanced. The double-line frequency has appeared neither
in the inductor current nor in the capacitor voltage for both
control algorithms (two or three terms in the cost functions).
Then, the load connected to “phase b was disconnected from
the inverter in order to generate unbalanced current. After such
an action, an unbalanced current flowed through the fourth leg
of the inverter [see Fig. 10(a) and (b)]. In Fig. 10(a), during the
unbalanced situation, the 2 f, ripple appeared in the inductor
current, while the 2f, ripple was eliminated in Fig. 10(b) by
integrating the third term in the cost function. It is concluded
that the FCS-MPC algorithm, which has three terms in the cost
function, shows much better performance under unbalance load
situation. However, it can be observed from Fig. 10(b) that 2 f,
ripple still exists on the capacitor and dc-link voltages. These
ripples are very low and can be tolerated by the capacitors.

20 A/di
75 Vidiv

(b

Fig. 11.  Experimental results of gZS four-leg inverter with (a) two cost
functions and (b) three cost functions.

The existing FCS-MPC (two terms in the cost function)
algorithm and the proposed FCS-MPC algorithm also affect
the design and cost of the gZS four-leg inverter. Experimental
results of Fig. 11(a) and (b) correspond to the cases without
and with the third term in the cost function, respectively. Both
algorithms are tested with the same inverter parameters, which
are given in Table II. From Fig. 11(a), it is evident that the qZS
inductor has 18-A peak-to-peak 2 f, ripple current. On the other
hand, it can be seen from Fig. 11(b) that 2f, ripple current is
eliminated when the third term is integrated in the cost function.

To observe the effect of the 2 f,, ripple on the inverter parame-
ters, cost analysis was also done. As mentioned above, one way
to minimize 2f, ripple in the inductor current is to use large
qZS source inductance. For comparison purpose, to reduce 2 f,
ripple of the inductor current from 18 to 4 A without the third
term in the cost function, the inductor parameter was designed
by using the guidelines given in [36]. Table III summarizes the
used in this paper (1 mH) and the designed earlier inductances
(5 mH) in terms of price, dimensions, and weight. It is notice-
able that the price, weight, and dimensions of earlier designed
inductance are much higher than the used one according to the
proposed approach. The price difference of two inductances is
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TABLE Il
COMPARISON OF USED AND NEW DESIGN INDUCTANCES

Used Parameter Designed Parameter

Value 1 mH/30 A 5 mH/30 A
Price [USD] 120 x 2=240 299 x 2=598
Weight [kg] 2.60 7.28

Dimensions [in] 3.75 x 3.85 x3.13 5.25 x 5.0 x 447

Note: Data are from Mouser website. Manufacturer part numbers
of 1 mH and 5 mH inductances are 195C30 and 195G30. The
brand of the inductances is Hammond manufacturing.

358 USD. Furthermore, the weight of designed inductance is al-
most three times higher than the used one. In conclusion, adding
one extra term in the cost function eliminates 2 f, ripple in the
inductor current, which brings considerable benefits in terms of
the size, weight, and overall inverter cost.

V. CONCLUSION

This paper presented the FCS-MPC approach for three-phase
qZS four-leg inverter under unbalanced load condition. Similar
to the single-phase inverter, double-line frequency (2f,) ripple
appeared in the dc-link voltage and current in the case of unbal-
anced load condition. This 2 f, ripple led to reduce the overall
system performance in terms of efficiency. To overcome this
problem with effective and simple way, the FCS-MPC-based
control algorithm was employed. This algorithm was entirely
based on the discrete-time model of the system. The behavior
of the predictive controller was investigated, and the changes to
both the qZS network and filter inductive and capacitor parame-
ters were considered. Furthermore, the weighting factor tuning
was conducted based on minimizing the error on the output volt-
age (ey,) and minimizing the double-line frequency (2 f, ) ripple
on the input current (4;, , ) and the capacitor voltage (Avy,., ).

To verify the performance of the proposed approach, sim-
ulation and experimental studies were performed with the
single/three-phase and balanced/unbalanced loads. Through the
simulation and experimental results, it was demonstrated that
the proposed control approach offers a powerful technique for
the control of the qZS four-leg inverter under unbalanced load
condition.
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