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ABSTRACT Model predictive control (MPC) has been commonly recognized as a promising control strategy
for the quasi Z-source inverter (qZSI). However, large control error is regarded as an innate drawback of MPC
due to only one voltage vector applied per control cycle. In this paper, an improved MPC, namely combinative
voltage vectors based MPC, is proposed for the qZSI to reduce the control error and improve steady-state
performance. Two different voltage vectors are applied in one control cycle, so that the cost function value
can be reduced. The errors of the inductor current, the capacitor voltage, and the output current of the qZSI
included in the cost function can be decreased greatly. Furthermore, the performance investigation of the
proposed method indicates that the two selected voltage vectors consisting of a non-shoot-through vector
and a shoot-through vector is of help in shorting the charge-discharge period of inductor. Thus, the inductor
current ripple as well as the total harmonics distortion (THD) of the output current is greatly reduced. The
experimental results show the validity and the advantages of the proposed method.

INDEX TERMS Quasi Z-source inverter, model predictive control, cost function, weighting factor.

I. INTRODUCTION
In 2002, a new type of dc-ac converter called Z-source
inverter (ZSI) was proposed by Peng [1], which has attracted
widespread concern of scholars. The buck-boost function of
7SI is achieved using the Z-source network and employing
the shoot-through (ST) state. Therefore, the bridge arm in the
same phase can be short-circuited, improving the security and
reliability of the inverter [2], [3]. The dead time is also not
required. The quasi Z-source inverter (qZSI) was proposed
as an improved or alternative version of the ZSI. The input
current of the dc source is continuous in the ST state and
the capacitor voltage stress of the quasi Z-source network
is reduced [4]. Hence, the qZSI is considered to have broad
application prospects in the field of new energy [5], [6], such
as driving system of electric vehicle and photovoltaic system.
The linear control technique is regarded as an efficient way
to control the qZSI. The direct and the indirect dc-link voltage
control methods are developed as the two classical strategies
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for the qZSI [7], [8]. Despite achieving satisfactory perfor-
mance, simultaneous control of dc-side and ac-side of the
qZSI makes the cascaded control loops very complicated [9].
Moreover, the characteristic of nonminimum phase is exhib-
ited on the dc-side [10]. To solve this problem, a challenging
task, reducing the effect of nonminimum phase on the qZSI
to the lowest degree, need to be completed.

With the rapid development of the powerful micro-
processors, model predictive control (MPC) has gained
much attention in the fields of power electronics and
motor drives [11]-[16]. Particularly, finite control set MPC
(FCS-MPC) has been extensively studied, for its merits of
fast response, simple control structure, and easy to handle the
nonlinearity for the controlled variables. Thus, FCS-MPC is
going to be an effective method with high dynamic perfor-
mance for the qZSI [17], [18].

According to the principle of FCS-MPC, the future value
of the inductor current, the capacitor voltage, and the output
current of the qZSI under different voltage vectors are pre-
dicted and then incorporated into a cost function for obtaining
the optimal voltage vector [19]. This control scheme is also
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known as the conventional MPC for the qZSI, which discards
the modulator for obtaining high dynamic performance [20].
However, the time of control period has significant influence
on the performance of the conventional MPC over that of
other control methods for the qZSI. Due to only one voltage
vector applied over the whole control cycle, large control
error is caused at long control cycle [21]-[23]. Although
it is a feasible way for the reduction of the control error,
shortening the control cycle has limited effect because of
heavy calculation burden in MPC.

Recently, a few research works have been published to
change the connatural characteristics of the conventional
MPC, and thereby overcoming the aforementioned problem.
A variable switching point predictive current control was
proposed for the qZSI in [24]. The switches position can be
changed at any time instant within the sampling interval for
reducing the output and inductor currents ripples. A direct
model predictive current control strategy for the qZSI is pro-
posed in [25]. The controlled variables are predicted within a
long horizon, so that the strategy can see more future infor-
mation about the system behavior. It has been proved that the
strategy can effectively reduce the THD of the output current.
In [26], a logical operation-based model predictive control is
proposed for the qZSI to improve the control accuracy of the
inductor current. By using control logic, the inductor current
is separated from the cost function for independent control.
Through setting an error reference of the inductor current,
the inductor current is allowed to change only within its error
reference. Hence, a small inductor current ripple is obtained.
In [27], a predictive control with an integral action aimed at
eliminating the steady-state error was proposed when con-
fronted with low switching frequencies. By employing just
one integral, the proposed strategy is able to compensate for
the steady-state error in both ac and dc variables without
impacting the dynamic response.

In this paper, a combinative voltage vector based MPC is
proposed to reduce the control error and improve steady-state
performance of the qZSI. In the proposed method, two differ-
ent voltage vectors are selected from eight candidate voltage
vectors and applied in one control cycle. The selection of
the first voltage vector is the same as the optimal voltage
vector selection in the conventional MPC. The first voltage
vector is switched to the second one at right time in the
control cycle. The selection of the second voltage vector and
the working time of the two voltage vectors are carefully
calculated to guarantee that the cost function value under
the two selected voltage vectors are lower than that under
one optimal voltage vector. Therefore, the control error of
the qZSI can be greatly reduced because it is incorporated
into the cost function. The performance analysis for the qZSI
shows that the inductor current ripple and the THD of the
output current have significant decrease at a long control
cycle. Therefore, the steady-state performance of the qZSI is
overall improved. Experimental results verify the validity and
the advantages of the proposed method. The contribution of
the proposed method can be summarized as follows:
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1) A multi voltage vector MPC is developed to the qZSI,
achieving the performance improvement of the qZSI. Lower
inductor current ripple, capacitor voltage ripple, and output
current THD can be obtained.

2) Low inductor current ripple obtained by the proposed
method indicates that small inductor can be used in the gZSI,
and thus the volume and the cost of the qZSI can be reduced.

3) The output power quality of the qZSI is improved, since
the proposed method has lower output current THD than the
conventional MPC.

Il. PREDICTION MODEL OF QZSI
The qZSI consists of a dc voltage source, a quasi Z-source
network, a three-phase inverter, and a RL load, as shown
in Fig.1. The dc source voltage is boosted to the desired
dc-link voltage through the quasi Z-source network. By using
the active and null vectors, the desired output voltage vector
can be obtained. The boosting feature of the qZSI is imple-
mented through adding an extra ST vector. Thus, there are
totally eight space voltage vectors applied for the qZSI, seven
vectors in the non-ST state and one vector in the ST state.
When the space vector modulation (SVM) based method,
namely voltage and current dual close-loop control strategy,
is applied to the qZSI, the capacitor voltage and the inductor
current are taken as the controlled variable of outer loop
and inner loop, respectively, while the three-phase output
currents are controlled by the conventional current closed
loop method. Hence, the three loops make the qZSI control
system very complicated.
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FIGURE 1. QZSI topology.

When MPC is applied to the qZSI, the control structure
of system has a greatly simplification. As shown in Fig. 1,
the current of the inductor L; (ir1), the voltage of the capac-
itor C1 (vc1), and the three output currents (i, iy, and ic)
converted into o axis currents (i, and ig) at current moment
are firstly sampled for their state prediction at next moment.
Secondly, the predicted values vcy(k + 1), iL1(k 4+ 1), and
igg(k + 1), and the reference commands vci ref, iL1,ref, and
iap,ref, are sent into the cost function to obtain an optimal
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voltage vector. Finally, the optimal voltage vector is trans-
formed into the inverter switching state to control the qZSI.

A. PREDICTIVE OUTPUT CURRENT
The output voltage vy can be expressed as

Vout = 2vdce(S1 + aS3 + a*Ss)/3 (1

where vqc is dc-link voltage, and a = 1/2+j./3/2. Assuming
the output of the qZSI is connected to three-phase RL load,
the output voltage balance equation is given by

di(a,p)
dt

Vout = L + Ri(,p) 2
where i, and ig are components of three-phase output cur-
rents in B coordinate system; R and L are resistance and the
inductance of RL load.

According to Euler method, the differential of the out-
put current can be expressed by the following discrete-time
model

di,p)(k)  i(a,p)(k) = i(a,p)(k — T)

o T, 3

where k, k-T, and T represent present moment, last moment,
and control period, respectively. The time is shifted forward
one step to obtain the future value of the output current, which
is expressed as follows

i(a,ﬂ)(k + Ti) = [Tsvout(k + Tﬂ) + Li(a,ﬂ)(k)]/(RTs + L)
4)

B. PREDICTIVE INDUCTOR CURRENT AND CAPACITOR
VOLTAGE

The equivalent circuit of the qZSI is shown in Fig. 2. Different
in the ST and non-ST states, the predictive models of the
capacitor voltage and the inductor current should be derived
separately.

vea, o
+ .
Liny,

ivi Ly i>
. [+ .
" Cirver Ve fon

Tout

(b)

FIGURE 2. Equivalent circuits of qZSI in (a) non-ST state and (b) ST state.

1) NON-ST STATE
As shown in Fig. 2(a), when the qZSI works in the non-ST
state (including null state and active state), the current of
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the inductor L and the voltage of the capacitor Cy can be
expressed as follows

i1 = iy + O 2L )
L1 — linv 1 dt

di
VCl = Vin — 1% (6)

where C1 and L; are the capacitance and the inductance of
the quasi Z-source network, respectively; vi, and v are the
voltages of the dc source and the capacitor Cy, respectively;
iL1 is the current of the inductor Ly; iy is the output current
of the quasi Z-source network, which can be solved by the
following switching state function

liny = S1ia + S3ip + Ssic @)

In (7), ia, ip, and i; are the three-phase output currents.
It is important to note that i, is zero when the qZSI oper-
ates in the null state. By using Euler method to discrete (5)
and (6), the predictive inductor current and capacitor voltage
are derived as

i1tk + Ts) = Ts[vin — ver(k)1/Ly + i1 (k) )
vertk + Ts) = Tslivik + Ts) — iiny(k 4 T5)1/C1 + vei (k)
(&)
2) ST STATE

Fig. 2(b) shows the equivalent circuits of the gZSI in the ST
state. According to the principle of the qZSI [4], the inductors
L1 and L, with the same inductance have the same current and
voltage. Thus, the current and voltage of the inductor L, can
be replaced by those of the inductor L, which are given as

dipy

Li— = 10
1 Vel (10)
dvcy .

CIT = —IL1 (1)

To calculate the predictive inductor current and capacitor
voltage in the ST state, (10) and (11) are discretized as

i1tk +Ts) = Tsver(k)/Ly + iLi(k) (12)
veitk +Ts) = —Tipi(k + T5)/Cy +ver(k) — (13)

llIl. COMBINATIVE VOLTAGE VECTORS BASED MODEL
PREDICTIVE CONTROL FOR QUASI Z-SOURCE INVERTER
To reduce control error and improve the steady-state per-
formance of the qZSI, an improved MPC method, namely
combinative voltage vectors based MPC, is proposed in this
paper. In this section, the principle of the proposed method is
first given in part A. The realization, the control structure,
and the performance analysis of the proposed method are
presented in part B, C, and D, respectively.

A. PRINCIPLE OF PROPOSED METHOD

In the conventional MPC, only one voltage vector that has
the minimal cost function value among the eight candidate
voltage vectors is applied in the whole control cycle. In the
proposed method, two voltage vectors are selected from the
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eight candidate voltage vectors and applied in one control
cycle, making sure that the cost function value is lower than
that under the conventional MPC. The reduction of the cost
function value is of benefit to the decrease of the control
error of the qZSI, for the reason that the errors between
the references values and the predictive values of controlled
variables are included in the cost function.

g
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PR Yk
P8y (Vi Vy)
Il 5

FIGURE 3. Principle of switching voltage vector.

The principle of the proposed method is illustrated by an
example, as shown in Fig. 3. Under the optimal voltage vector
Vi, the cost function value follows the path Sx and equals
g(k + T;) at the moment k + T;. If two voltage vectors are
applied in the control cycle, the first voltage vector Vy is able
to switched to the second one Vy at the moment #,. Therefore,
under Vy and Vy, the cost function follows the path Sy from
the moment k to #, and the path Sy from the moment ¢,
to k + T,. The cost function value becomes g'(k + T;) at
k + T; moment. By using the two voltage vectors, the cost
function value can be decreased from g(k + T) to g’'(k + Ts).
That means the errors of the inductor current, the capacitor
voltage, and the output current included in the cost function
are reduced.

B. IMPLEMENTATION OF PROPOSED METHOD

The key points in the implementation of the proposed method
are the selection of the first and second voltage vectors and
the calculation of the working time of the two voltage vectors,
which are completed by the following three steps.

1) FIRST VOLTAGE VECTOR SELECTION

In the first step, the aim is to select the first voltage vector
by the cost function. The realization is the same as that in the
conventional MPC. The cost function is given as follows

g = hiligret — ik + TP + Ailig.rer — ig(k + To)1?
+rclver set—ver (k+ TP +ApliL1 rer— i1 (k+T)]1
(14)

where X;, Ac, and A are the weighting factors of the out-
put current, the capacitor voltage, and the inductor current,
respectively. iy ref, g ref, VClref; and iL1ref are the refer-
ences of the output currents on « and 8 coordinate axes,
the capacitor voltage, and the inductor current, respectively.
Since the inductor current, the capacitor voltage, and the
output current are the three controlled variables with different
physical nature, they have different importance to the qZSI
control system. To balance the performance of the three con-
trolled variables and stabilize the qZSI control system, several
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weighting factors should be properly selected for the cost
function. The errors between these references and predictive
values under different voltage vectors are evaluated by the
cost function for choosing the first voltage vector that has the
minimal cost function value.

2) SWITCHING TIME INSTANT OF VOLTAGE VECTOR

In the second step, the aim is to calculate the switching time
instant of the first voltage vector and the second one. Suppos-
ing V1 is the first voltage vector selected by the cost function
in step 1, Vo~Vg can be used as the candidate voltage vec-
tors of the second voltage vector. Therefore, the switching
time instants of these candidate voltage vectors need to be
calculated.

.,_‘:A
kTt

k ta ty tc 14 le ty tg

FIGURE 4. Change in cost function value when voltage vector V1 is
switched to V2.

The calculation of switching time instant of the voltage
vectors V1 and V; can be illustrated by Fig. 4. It can be seen
that the cost function value at k¥ + 75 moment is H due to
applying V1 over the whole control cycle. Using two voltage
vectors V| and V, switched at the time instant £, ~ f, in
one control cycle, the cost function can be changed from H
to A~G. Naturally, the possible switching time of the two
voltage vectors can be a value between 0 and T, but only
ty ~ tg are given in Fig. 4 for the convenience of description.
Among all the possible switching time instant, the one that
make the cost function have minimum value at k + 75 moment
is selected. The calculation process of switching time instant
is given follows as.

The slopes of inductor current, capacitor voltage, and out-
put current under voltage vectors Vi and V, are obtained by

kuy = [if | (k + Ts) — i1 (k)1/Ts

ket = v (k + Tg) — ve1(k)1/Ts (15)
ka1 = [iL(k + Ts) — ia(k)1/Ts

ko = [i};(k + Ts) — ig(k)]/Ts

ki = i} (k + Ts) — i1 (k)]/Ts

kcy = [v&, (k + Ts) — ve1(k)1/ T

kao = [i2(k + Ts) — i (k)1/Ts (10
kpy = [i%;(k + Ts) — ig(k)]/Ts

In (15) and (16), k1, kc1, ka1, and kp; are slopes of the
inductor current, capacitor voltage, and output current respec-
tively under voltage vector V1, respectively; k1.2, kc2, ka2, and
kyy are the slopes of the inductor current, capacitor voltage,
and output current respectively under the voltage vector Vo,
respectively. By (15) and (16), the predictive inductor current,
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capacitor voltage, and output current are

i, (k + Ts) = ig(k) + kart1 + ka2(Ts — 11)
ig(k +Ts) = ig(k) + ko1t + koo (Ts — 11)

ve (k4 T) = ver (k) + ket + keao(Ts — 1)
i ((k +T) = ip1(k) + kit + kio(Ts — 1)

(a7

where 1 is switching time instant of voltage vector. To cal-
culate 71, the predictive values in (17) are substituted into the
cost function expressed by

81 = Ailirer — ify(k + TV + Ailipret — ip(k + To)J?
+rclvet ser — Ve (k+TOV +ALLiLL et — ] (k+To)]?
(18)
In (18), as g1 is the function of #, #; can be derived by

minimizing g1. This is done by setting the derivative of g
equal to zero.

dgi
— =0 19
i (19)
This yields
t=—(m+n)/z (20)
where

m = Ac(kci — kca)(kcaTs + vei(k) — ver ref)
+Ap(kLy — kp2)(kLoTs + iL1(k) — QL1 ref)

n = Ai(kar — ka2)(kap Ts + ig (k) — ia,ref)
+Ai(kp1r — kv2)(kp2Ts +ig(k) — ig ref)

z = [Ajlkar — ka2)* + Lilko1 — kp2)?
+rclker — ke2)? + Ar(kiy — kio)*

Having known the switching time instant of Vi and V,,

the switching time instants that V is switched to V3~Vg can
be calculated using the same algorithm above.

k Hh nh B

FIGURE 5. Change in cost function value when voltage vector V1 is
switched to V2~V8.

3) SECOND VOLTAGE VECTOR SELECTION
In the third step, the purpose is to select the second voltage
vector among the seven candidate voltage vectors Vo~Vg.
As shown in Fig. 5, the cost function value becomes g1 ~ g7
at k4T when V| is switched to V,~Vg at the switching time
instants #; ~ t7 obtained in step 2. g1 ~ g7 are compared to
obtain the minimum one expressed by
8gx(t;) = min[g(t1), g2(12), .. ., g7(17)] (2D
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FIGURE 6. System structure diagram of the proposed method for qZSI.

According to (21), the voltage vector that has the minimal
cost function value is chosen as the second vector. The first
and second voltage vectors can be selected in steps 1 and
3 while the switching time instant of the two vectors can be
calculated in step 2. Finally, the selected voltage vectors will
be converted to PWM signal for the qZSI control.

C. CONTROL SYSTEM BLOCK DIAGRAM

The system structure diagram of the proposed method is
shown in Fig. 6. The block diagram is divided into three
parts, the reference calculation, the model prediction, and
the voltage vector selection. The references of the inductor
current, the capacitor voltage, and the output current are
calculated in the reference calculation module according to
the dc source voltage and the desired output power. The future
values of the inductor current, capacitor voltage, and output
current are predicted in the model predictive module. All the
references and the predictive values are sent into the cost
function to obtain the first voltage vector V. The second
voltage vector Vy and the switching time instant ¢, are cal-
culated in the second vector calculation module. The PWM
generation module outputs PWM signals to control the qZSI
according to Vy, Vy and t,. The main difference between
the proposed method and the conventional MPC is that the
proposed method contains the second vector calculation and
the PWM generation modules, which generate two different
switching states in one control cycle.

D. PERFORMANCE ANALYSIS

By using the proposed method, the cost function value is
smaller than that of the conventional MPC. The cost function
consists of the sum of the errors between the predictive values
and the reference values of the inductor current, the capacitor
voltage, and the output current, so the reduction of the value
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of the cost function makes the predictive values approximate
to the reference values. By this way, the control error of the
controlled variable can be reduced. Therefore, lower inductor
current ripple, capacitor voltage ripple, and output current
THD are obtained. The volume and the cost of the qZSI
topology can be decreased. Furthermore, the output power
quality is improved.

1) INDUCTOR CURRENT

In the steady-state, the average inductor current is almost
unchanged, and the charging and discharging inductor current
ripples are equal according to the principle of volt-second
balance. Hence, when two voltage vectors are applied in the
control cycle, one of them must be ST vector causing the
inductor to charge, and the other must be non-ST vector caus-
ing the inductor to discharge. The operation time of the two
voltage vectors should guarantee the charging inductor cur-
rent ripple equals to the discharging inductor current ripple,
and thus achieving the minimization of the inductor current
ripple. Fig. 7 shows the inductor current waveforms under
the proposed method and the conventional MPC. In Fig. 7(a),
the ST and non-ST vectors under the proposed method are
applied during 11 ~ f and ©, ~ t3, respectively, so the
discharging and charging of the inductor can be finished in
one control cycle. However, the ST vector is applied over the
whole control cycle under the conventional MPC, as shown
in Fig. 7(b). Therefore, the non-ST vector must be applied
for at least one control cycle or more to balance the charging
inductor current ripple.

A | V4

non-ST vector
ST \%{N\n—ST vector

ST vector

Mﬁ&ﬂ ONY; |
A A . ~
z

L B8

|
h b Iy sy 4 I3

@ (b)

FIGURE 7. Inductor current waveforms of (a) proposed method and
(b) conventional MPC.

It can be found from Fig. 7 that the inductor current ripple
of the proposed method is lower than that of the conven-
tional MPC due to the increased charging and discharging
frequency of the inductor. To compare the current ripples of
the two methods, the maximum inductor current ripple must
be calculated first. Since the volt-second balance principle
is satisfied, either charging current ripple or discharge one
can represent the maximum current ripple. Taking it as an
example, the charging current ripple can be expressed as

Airsh = (Ve + vin)Tsh/L1 (22)

where Ty, is the shoot-through time. It should be noted that
Ty, is different in the conventional MPC and the proposed
method. Ty, is equal to the control cycle time T in the
conventional MPC, as only one voltage vector is applied per
control cycle.
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Through replacing Ty, by T, the inductor current ripple of
the conventional MPC Aij nsh—Mmpc 1S obtained as

Aipsh-mpc = (Vac + vin)Ts/2L1 (23)

In the proposed method, the variable Ty, is shorter than T.
It is necessary to first solve the Ty, by associating the equa-
tions of charging and discharging current ripples. According
to (6), the discharging inductor current ripple of the propose
method Ay nsh—pvMPc can be expressed as

AiLnsh-DvMPC = (Vde — Vin)(Ts — Tsn)/2L1 (24)
Solved from (24) and (22), Ty, is given as
Toh = (vde — Vin)Ts/ZVdc (25)

By substituting (25) into (22), the inductor current ripple
of the proposed method Aiysh—pvmpc is derived as

Airsh-pyvmpe = (Vae + Vin)(Vae — Vin)Ts/vac/4L1  (26)

By using the simulation parameters, the inductor current
ripples of proposed method and conventional MPC under dif-
ferent dc-link voltages expressed by (23) and (26)are pictured
in Fig. 8. The inductor current ripples of the two methods
increases with the dc-link voltage. However, the inductor
current ripple of the proposed method is much smaller than
that of the conventional MPC. From Fig. 7, it can be seen
that the inductor current ripple of the proposed method is
between 0.1A and 0.75A while in the conventional MPC
is between 2.1A and 3A. Therefore, the proposed method
can effectively reduce the inductor current ripple, especially
under low dc-link voltage gain.

— Proposed method
=— Conventional MPC

Inductor Current(A)

09
110 120 130 140 150 160 170 180 190 200
DC-Link Voltage(V)

FIGURE 8. Inductor current ripples of proposed method and conventional
MPC under different dc-link voltages.

2) CAPACITOR VOLTAGE AND OUTPUT CURRENT

The charging and discharging law of the capacitor is the same
as that of the inductor. The non-ST time and ST time are all
reduced in the proposed method, so the ripple of the capacitor
voltage will be reduced.

The output current is influenced by the inductor current
ripple because the inductor current ripple is superimposed on
the output current. Thus, the inductor current ripple reduction
is helpful to reduce the output current ripple and the THD of
the output current.
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IV. SIMULATION AND EXPERIMENTAL RESULTS

In this section, the performance of the proposed method is
compared with that of the conventional MPC by simula-
tion and experiment to verify the advantage of the proposed
method in reduction of control error.

A. SIMULATION RESULT

A three-phase two-level qZSI with RL load is built in
MATLAB/Simulink with the parameters listed in TABLE 1.
The weighting factors Ay, A;, and Ac are tuned by using
the trial and error method [17]. Based on large numbers of
experimental tests, Az, A;, and Ac in the proposed method
and the conventional MPC are finally set as 6, 2, and 1,
respectively. The steady-state and dynamic performance of
the gZSI using the proposed method and the conventional
MPC are investigated in the simulation. The results are shown
in Figs. 9 and 10.

TABLE 1. Simulation parameters.

Parameter Value
DC source voltage viy 100V
Inductance of L, and L, 4 mH

Capacitance of C;and C; 560 uF
Load resistance 10Q
Load inductance 7.7 mH
Control period 80 us

In the steady-state simulation, the peak dc-link voltage
boosted by the qZSI is twice the dc source voltage under
the output power of 950W. Figs. 9 and 10 show simulation
results of the proposed method and the conventional MPC in

Reference

r — 4

[ “Measured 1

Inductor Current(A)
=

|
0.02 0.03 0.04 0.05 0.06 0.07 0.08  0.09
time(s)

9 MMMV

6
0.0425 0.0435 time(s) 0.0445 0.0455
(a)
g ;
E|
2
5
O
=]
& W, e " .
&10 Bl | L
0.02 0.03 i 0.05 0.06 0.07 0.08  0.09
time(s)
10 [ eference ‘ [
8 ‘} P N,
6"
4 I Measured /g
2 K 7
0 W, |
0.36 0.4 0.44

the steady-state, respectively. The dc-link voltage is boosted
to 200V in the non-ST state and decreases to OV in the
ST state. The capacitor voltage and the peak output current
remain around 150V and 8A, respectively. The inductor cur-
rent fluctuates near its reference 9.5A. It is concluded that
the inductor current, the output current, the capacitor voltage,
and the dc-link voltage of the qZSI can follow their refer-
ence commands with accuracy and rapidity by using the two
methods. Therefore, the qZSI obtains a stable performance.
Nevertheless, the tracking behaviors of the qZSI under the
proposed method and the conventional MPC indicate their
different performance in control error. The inductor current
ripple of the proposed method is 0.9A, three tenths that of the
conventional MPC 3A. The capacitor voltage ripple of the
proposed method is 0.5V, two thirds that of the conventional
MPC 1.5V. Furthermore, it is clearly observed that the output
current ripple of the proposed method is also lower than that
of the conventional MPC. Therefore, the proposed method
exhibits a good performance in control of current and voltage
ripples.

In the dynamic simulation, the peak dc-link voltage is
stepped up from 150V to 200V, and thus the output power
is changed from 520W to 950W. Figs. 11 and 12 show the
dynamic response waveforms of the proposed method and the
conventional MPC. The output currents of the two methods
are different in the dynamic process. The output current of the
proposed method is sinusoidal in the transient process, and its
amplitude increases with the amplitude of the dc-link voltage.
However, the output current of conventional MPC is seriously
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FIGURE 9. Simulation results of proposed method of (a) inductor current, (b) capacitor voltage, (c) output current, and (d) dc-link voltage in

the steady-state.
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distorted in the transient process. Moreover, it is tested that
the output current THD of the proposed method is 4.31%
lower than that of the conventional MPC 6.14%. From the
waveforms of the capacitor voltage and the dc-link voltage,
it is seen that the gZSI completes a smooth transition using
the proposed method. The simulation results validate that the
proposed method exhibits dynamic performance better than
the conventional MPC.

B. EXPERIMENTAL RESULT

A three-phase qZSI setup was built to verify the performance
of proposed method experimentally, as shown in Fig. 13.
The digital signal processor TMS320F28335 is main con-
troller, generating six driven signals for the switch devices
of the power circuit. The proposed algorithm is programmed
according to Fig. 6. The system parameters are the same as the
simulation ones. The steady-state and dynamic experiment
results are given as follows.

1) STEADY-STATE EXPERIMENT

In order to obtain satisfactory control performance for the
proposed method and the conventional MPC in the experi-
ment, it is necessary to obtain proper weighting factors from
lots of experiment tests. Therefore, the experiments for get-
ting the reasonable weighting factor are made under a safe

VOLUME 9, 2021

Electrolytic
capacitor

Rectifier
bridg:

FIGURE 13. Three-phase qZSI experimental platform.

voltage limitation. P} is 120W, and vgc and vj, are set to
100V and 50V, respectively. Therefore, if |, ’.?a, By and v(, are
calculated as 2.4A, 2.78A, and 75V, respectively.

Fig. 14 shows the experiment results of the conventional
MPC under different weighting factors. The tuning work
of the weighting factors is done by fixing A¢ and adjust-
ing Az and A;. Firstly, in Fig. 14(a), the capacitor voltage,
the dc-link voltage, and the output current can achieve desired
performance when Ap, Ac, and A; are set as 6, 1.2, and 1,
respectively. Secondly, the control performance of the induc-
tor current becomes deteriorated when A, is decreased to 3 or
A; is increased to 2, as shown in Fig. 14(b). The maximum
inductor current ripple increases to 4.8A. If Ay is further
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decreased or %; is further increased, the control system will
be instable. Thirdly, the output current is distorted when Ay is
increased to 9 or A; is decreased to 0.6, as shown in Fig. 14(c).
If A; is further increased or A; is further decreased, the
output current will become worse. Therefore, the best control
performance of the conventional MPC is achieved under the
condition that Ay, Ac, and A; are 6, 1.2, and 1, which are used
in the following experiment.

To maintain the dc-link voltage at a constant value 200V,
the capacitor voltage is controlled at 150V in the steady-
state. The reference commands of output current and inductor
current under the output power of 950W are kept as 7.9A
and 9.5A, respectively, according to the power conservation.
Fig. 15 shows the results of the steady-state experiment. The
proposed method and the conventional method can ensure
that the values of the controlled variables of the qZSI are
stable near their reference values. However, the difference
of the two methods in control performance is also clearly
seen. As two voltage vectors applied in one control cycle,
the proposed method has higher switching frequency than

143022

the conventional method. Therefore, the enveloping curves
of the output current and the inductor current of the proposed
method are much thinner than those of the conventional MPC.
In Figs. 15 (a) and (b), the inductor current ripple of the
proposed method is 0.8A lower than that of conventional
MPC 3.1A. In Figs. 15 (c) and (d), the second, third, fourth,
and fifth harmonics of the output current of the proposed
method are 0.76%, 0.48%, 0.44%, and 0.2%, respectively,
while they are 1.52%, 0.64%, 1.16%, and 0.2% in the con-
ventional MPC, respectively. The output current THD is cal-
culated as 4.8% in the proposed method lower than that in the
conventional MPC 7.1%.

2) DYNAMIC EXPERIMENT

To investigate the dynamic performance of the proposed
method, the output power is stepped down from 950W to
450W at the peak dc-link voltage vgc of 200V, achieving
75.9% power decrease. The experiment results are displayed
in Figs. 16 and 17. Influenced by the change of the output
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power, the average inductor currents of the two methods in
the dynamic process all increase from 5.3A to 9.5A, the peak
output currents from 5.8A to 7.9A, and the capacitor voltages
is kept as 150V. From the zoomed-in view at the dc-link
voltage of 200V, it can be seen that the ST time and the
non-ST time using the proposed method are 20us and 60us
respectively while using the conventional MPC are 80us and
240us respectively. Affected by the ST and non-ST time,
the inductor L; has a charge-discharge cycle of 80us in the
proposed method shorter than that in the conventional MPC

VOLUME 9, 2021

320us. Moreover, the inductor current ripple of the proposed
method is 0.8A at dc-link voltage of 200V, only 0.267 times
that of the conventional MPC 3A. Particularly, the output cur-
rent of the conventional MPC has a large output current ripple
at the peak, leading to a sinusoidal waveform distortion.
By comparison, the proposed method can effectively reduce
the output current ripple with the help of applying double
vectors. The experimental results verify that the proposed
method can achieve good dynamic performance as well as
steady-state performance improvement on control error.
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In order to further study the performance improvement voltage, and the output current of the qZSI, this paper pro-
effect of the proposed method for the qZSI, the experiments posed combinative voltage vectors based MPC for the qZSI.
are carried out under different control cycle and dc-link volt- Two different voltage vectors are applied in one control cycle

age. The experimental results are concluded in Fig. 18. It can for reducing the cost function value. Therefore, the qZSI
be seen from Figs. 18 (a) and (b) that the THD of the output using proposed method obtains low inductor current ripple

current of the two methods is mainly affected by the control and THD of output current over the conventional MPC. The
cycle rather than the dc-link voltage. The longer the con- improvement on the output current THD and the inductor
trol cycle is, the larger the THD is. From the control cycle current have the positive effect on the qZSI topology. On the
of 40us to 120pus, the output current THD of the conventional one hand, obtaining low inductor current ripple indicates that

MPC changes from 3.9% to 13%, while that of the proposed small inductor can be used in the quasi Z-source inverter, and
method from 2% to 7.2%. In Figs. 18 (c) and (d), the inductor thus the volume and the cost of the qZSI can be reduced.
current ripples of the two methods increase with the control On the other hand, the gZSI has better output performance.
cycle and the dc-link voltage. However, the conventional The experimental results verified that the effectiveness and
MPC is great influenced by the two factors over the proposed the advantages of the proposed method.
method. When the control cycle is 120 us, the inductor
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