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In order to overcome the problem of large inductance current ripple and poor output current quality caused by lower switching
frequency in model predictive control (MPC). A short prediction horizon control algorithm is proposed, and the relationship
between the prediction horizon and the switching frequency is analyzed, which also considered the influence of the switching
frequency of the inverter. In the proposed algorithm the optimal vector is selected based on the historical switching state. Finally
the proposed method can effectively reduce the inductor current ripple and improve the output current quality of the inverter,

which is proved by simulation and experiment.
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1. INTRODUCTION

Compared with the traditional inverter, the quasi-Z source in-
verterl!] introduces a shoot-through boost mechanism, which
has excellent performances such as high reliability, flexible
buck-boost and high anti-interference. Because of those ad-
vantages, the quasi-Z source inverter has been widely used
in photovoltaic power generation,'>3! wind power and other
distributed power generation systems.*! The DC side of the
quasi-Z source inverter uses a shoot-through mechanism to
boost the DC input Vin, and inverts the DC to AC to provide
energy for the load. Therefore, the DC side and the AC side
need to be controlled at the same time. The traditional PI
control method have a good control effect on the system,

but a separate controller needs to be designed, and in order
to be able to control the multiple variables simultaneously,
which requires multiple control loops, which will increase
the complexity of the system design.

MPC has been rapidly developed since the 1970s.1>% Com-
pared with PI and other control methods, MPC can control
multiple variables at the same time, and which has the advan-
tages of simple structure and good control effect,l’~! espe-
cially for the non-minimum phase systems such as MIMO
systems and quasi-Z-source inverters.['°-12) The MPC uses
the current feedback value to predict the next switching state,
and the switching of the switching tube is determined by
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the predicted value. Therefore, MPC belongs to variable
frequency control. Mostafa Mosa et al.l'314! used the MPC
algorithm to regulate the inductor current, capacitor voltage
and load current of the quasi-Z-source inverter, although
which achieved a good tracking effect, the prediction horizon
is a little longer, which may cause the inductor current ripple
to be relatively large, and the inverter’s output characteristics
are relatively poor. Abualkasim Bakeer et al.['> analyzed
the state equations of the inductor current, then divided the
inductor current into two states, that is the shoot-through
state and the non-shoot-through state, which reduced the
calculation of the MPC. The real-time performance of MPC
is greatly improved, but the inverter still has a low switch-
ing frequency phenomenon. Ayman Ayad et al.l'%! added
two capacitors and two inductors into the predictive model,
which improved the accuracy of the predictive model, and
the average switching frequency is added to the cost function
to reduce the switching loss. However, the impact on the
switching frequency is too high and the problem caused by
the low switching frequency is still not solved.

Therefore, based on the literatures by Mosa M et al.,[!3:14]
a short prediction horizon control algorithm is proposed.
Firstly, this paper analyzed the relationship between the pre-
diction horizon and the switching frequency of the inverter.
Then, established the state space model of inductor current,
capacitor voltage and load current!!] to improve the accuracy
of the prediction model. Finally, the simulation and experi-
ment result certify that the proposed methods can improves
the output characteristics of the inverter, and which has some
practical values.

2. MATHEMATICAL MODEL

The quasi-Z source inverter consists of quasi-Z source
impedance network, three-phase inverter bridge and RL load.
The quasi-Z source impedance network includes two iden-
tical inductors L; and Lo, two identical capacitors C; and
Cs, and a diode. Quasi-Z-source inverter topology shown in
Figure 1.
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Figure 1. Topology of Quasi-Z source inverter

The state of the MPC system is:
2

x=[i, Iig v

The output of the MPC system is:

y=[i¢z iﬁ i VCI]T

2.1 Non-shoot-through state

The non-shoot-through includes an active vector and a zero
vector. When the inverter is working on non-shoot-through
state the diode is turned on, during that time the input DC
source and inductor provide energy to the load. The circuit
of the quasi-Z source inverter is shown in Figure 2.
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Figure 2. Non-shoot-through state

According to the dynamic transformations of load current,
capacitor voltage and inductor current, the state space model
of the non-shoot-through state is:

ax(r) _
e Ax(t)+ B, (1) (D

y(1)=Cx(1) 2)

Where: ugp is three-phase voltage of the inverter
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2.2 Shoot-through state

When the inverter is working on shoot-through state, the up-
per and lower tubes would simultaneously turned on at least
one phase, and the load is short-circuited, and the diode is in
the off state, so that the input DC source and the capacitor
are charged for the inductor, and the quasi-Z source inverter
equivalent circuit is shown in Figure 3.
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Figure 3. Shoot-through state

According to the dynamic transformations of load current,
capacitor voltage and inductor current, the state space model
of the shoot-through state is:
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Bs is a zero matrix of the same dimension as Bj.

Comparing the state space expressions of the shoot-through
state and the non-shoot-through state, we can find that a
shoot-through variable d can be introduced to simplify the
state space model.

? = Ax(t)+ Bu,, (1)

4)
(1) = Cx(1) (6)
Where:
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L
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2.3 MPC model

The MPC model is obtained by using the Euler forward
difference formula to align the state space expression into
discrete state of the quasi-Z source inverter.

x(k +1) = Gx(k)+ Hu,,, (k) (7)

y(k) = Cx(k) (8)
Where w4 s the three-phase output voltage of the inverter,
G = AT, + I, H = BT,, I is the unit matrix, and T is the
prediction horizon.

In order to obtain the optimal switching action, firstly, the
predictive control model is used to predict the state of induc-
tor current, capacitor voltage and load current. Secondly, the
deviation between the state of k+1 and the reference instruc-
tion is compared, and then combine the weight coefficient
to obtain the optimal state vector at time k+1. Finally, the
optimal switching action is selected in combination with the
switching frequency, and driven the inverter to adjust the con-
trolled variable. The control block diagram of the predictive
control algorithm is shown in Figure 4.
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Figure 4. Shoot-through state

3. INDUCTOR CURRENT RIPPLE ANALYSIS

Predictive control uses the predictive models to predict the in-
ductor current, capacitor voltage and load current, so that the
controlled variable fluctuates around its reference value.!'!
The switching time is the same as the prediction horizon T,
during that time output only one voltage vector, if there are
no additional constraints, the same voltage vector may be
generated for several consecutive switching cycles. There-
fore, the predictive control’s switching frequency is varied.

In literatures by Mosa M et al.,!'>14 the working state of
inductance current is analyzed in detail, and the predictive
control algorithm is optimized by inductance current, which
reduces the calculation of predictive control algorithm and
achieves good control effect. However, the switching fre-
quency is not considered in this paper, so it neglected that

ir

A

1L7 ref

may cause larger inductance current and load current ripple.
Based on those two literatures, in this paper, the working
state of quasi-Z-source inverter is analyzed, and the prob-
lems caused by high switching frequency and low switching
frequency are discussed in detail.

If the switching frequency is too low, there may cause the
multiple switching states will be the same, and the controlled
variable will deviate from the given value, which resulting in
greater deviation. When a consecutive switching states are
shoot-through vectors would cause a large inductor current
ripple and large load current ripple (see Figure 5).

The inductor is charging in the shoot-through state, and dis-
charging in the non-shoot-through state. According to the
volt-second balance principle, the charging ripple of the in-
ductor is equal to the discharge ripple.

A A

Figure 5. Inductor current ripple

When t = Tj, the charging current ripple of the inductor
is izsn1, and the discharge current ripple of the inductor is
11, Nsh1, Which satisfies:

a1 = fone ©)
When ¢t = 275, the charging current ripple of the inductor
is i1sp, and the discharge current ripple of the inductor is
11, Nsh, Which satisfies:

ILsh = Insh (10)

Since the value of the inductor current is proportional to the
charging or discharging time under the same inductance, it
is:

Ai, = 2Ai, an
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As can be seen that when the prediction horizon is increased
to double the inductor current ripple is also doubled, so the
longer the prediction horizon, the charging and discharging
inductor current ripple is greater.

4. SHORT HORIZON MPC

4.1 The principle of switching frequency control

In order to improve the switching frequency of the MPC,
and overcome the problem that the big inductor current rip-
ple and poor load current quality caused by low switching
frequency. This paper proposed a short horizon predictive
control algorithm, on the one hand, which by reducing the
prediction horizon Ts to improve the operating frequency of
the switching device, the action time of the shoot-through
vector and the non-shoot-through vector is greatly shortened,
thereby improved the quality of the inverter output wave-
form; On the other hand, the high frequency band caused by
the short horizon is limited. When the switching frequency
exceeds the maximum switching frequency, the prediction
state is selected in combination with the historical switching
state to eliminate the high frequency band. Which not only
improve the control effect of the predictive control algorithm
but also the switching loss can be improved.

4.2 Switching frequency control algorithm

When the short horizon predictive control algorithm is
adopted, the final applied switching action depends not only
on the predicted optimal vector, but also on the historical
state of the switching action. Firstly, the predictive control
model is used to obtain the predicted values of all switch
states at time k+1, and then the cost function is used to find
the optimal vector of the switch action. Finally, the switch
state of the switch action is selected in conjunction with the
historical state of the switch action.

4.2.1 Cost function

In order to obtain the optimal switching action, the weight
coefficients of the cost function need to be matched. The
cost function of the predictive control algorithm is:

yalli, =i, 15+l =iy, G+~ I3 +IVe =V, I3
13)
Where ) is a weight matrix, the larger the value of the weight

coefficient, the greater the adjustment weight, and the greater
the adjustment of the variable.

Published by Sciedu Press

4.2.2 Switching frequency control strategy

If the switching action depends on the predicted value, the
switching frequency of the inverter can be increased, but
sometime the switching frequency will too high. In this pa-
per, when the switching frequency is lower than the limit
frequency, the switching action is obtained by the cost func-
tion. When the switching frequency is higher than the limit
frequency the vector is selected by the fewest switching ac-
tion of the switch to reduce the switching frequency.

The switching frequency adjustment measures are: the upper
tubes of the three-phase inverter bridge are respectively se-
lected as: u,, up, uc and the lower tubes are u,, up, 4. When
the switch is turned on, the value is 1, and when the switch
is off, the value is 0. Set a variable n with an initial value of
0. When the switch is switched, the value of n is increased
by 1. The statistical function of the switch action is:

f x)=x{na, ng, nb, nz, nc, ng} (14)
When the switching frequency is higher than the limit fre-
quency, the switching state is determined by the optimal
estimate, i.e.:

G =G, (15)

When the switching frequency is lower than the limit fre-
quency, select the vector by the fewest switching action of
the switch, i.e.:

G . n’”‘n(GN71 5 GN) (16)

Where N is the statistical number of predictive control, G is
the cost function.

5. SIMULATION AND EXPERIMENT

In order to verify that the short horizon prediction control
algorithm can significantly improve the control effect of in-
ductor current and load current, the simulation system is
built by Matlab/Simulink. Then the short horizon prediction
control algorithm and the method used in the literature by
Bakeer A et al.!'! are simulated. The experimental program
of two algorithms is written on the CCS development plat-
form, and the two algorithms are experimentally verified on
the quasi-Z source experimental platform.

5.1 Simulation analysis

The simulation parameters are: The system input voltage V;,
= 50 V, the parameters of the quasi-Z source network are
L, = Ly, =2mH, Cl; = C5 =500 uF, load resistance R =
10 €2, load inductance L;,,q = 8 mH. When D = 0.25 and

5
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m = 0.7, the average value of the inductor current is 4.76 A,
and the values of the bus voltage and the capacitor voltage
are only related to the shoot-through-duty ratio D, so these
two values remain unchanged. The bus voltage is 100 V and
the capacitor voltage is 75 V.

Figure 6 shows the simulation results of the two algorithm.
When the quasi-Z-source working at the steady state, then
changing the modulation degree m from 0.5 to 0.7. It can
be seen that the controlled variables fluctuating around the
reference value. Comparing the inductor simulation result,

0.15 0.4 0.45

it can be seen that both the two algorithm has good tracking
effect, but the short horizon MPC’s inductor current ripple
significantly smaller. Figure 6(a) shows the simulation re-
sults of the inductor current, capacity voltage, load current
and bus voltage of the literature by Bakeer A et al.t'>! It can
be seen that the inductor current ripple is 2A. Figure 6(b)
shows the simulation results of the inductor current, capacity
voltage, load current and bus voltage of the short horizon
prediction control algorithm. It can be seen that the inductor
current ripple is 4A.
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(a) Literature [15] simulation results
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Figure 6. The overall tracking simulation results

It can be seen from the simulation results that the inductor
current can be stably tracked near its references. However,
comparing the two algorithms, it can be seen that the induc-
tor current ripple is greatly reduced when the short horizon
prediction control algorithm is used. It is verified that the
longer the prediction horizon, the larger the ripple of the
inductor current, this will cause the bus voltage to drop and
the inverter output waveform to be distorted.

Figure 7 is a simulation result of the load current when the

i)

S )

I i I i |
(a) Short horizon MPC load current simulation result

Figure 7. Load current simulation result

5.2 Experimental analysis

To further verify the feasibility of the algorithm, using TT’s
DSP TMS320F28335 chip as the control core for data pro-
cessing. During the experiment, the control effect of the

(b) Short horizen MPC simulation resulis

modulation degree is m = 0.7 It can be seen that the load
current can be tracked near its reference command under
both conditions, and the peak value of the load current is
3.93A. Comparing Figure 7(a) and Figure 7(b), it can be seen
that when the prediction horizon is smaller, the ripple of the
load current is smaller, and the inverter has a better output
characteristics, but the simulation experiments are performed
under ideal conditions, the experimental results don’t seem
to be obvious.

| |
(D) Literature [15] load current simulation result

inductor current, bus voltage and load current was observed
with an oscilloscope. The experimental platform is shown in
Figure 8. The experimental conditions and parameters are
the same with the simulation.
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DC source

Figure 8. Experimental platform

Figure 9 shows the experiment results of the two algorithm.
When the quasi-Z-source working at the steady state, then
changing the modulation degree m from 0.5 to 0.7. It can
be seen that the controlled variables fluctuating around the
reference value, and the bus voltage does not fallen. Compar-
ing Figure 9(a) and Figure 9(c), it can be seen that both the

Power module

Detection module

source inverter

Oscilloscope

two algorithm has good tracking effect, but the short horizon
MPC'’s inductor current ripple significantly smaller. Com-
paring Figure 9(b) and Figure 9(d), it can be seen that when
the T is smaller, the waveform quality of the load current
is better, which proves that the reduction of the prediction
horizon has a significant improvement on the load current.

iV,.,{ 100v/div),

IH{ 100V/div)

i Vi100¥/div)

IV( (100V/div)

iy (5A/div)

74(100V/div)

idSA/div)

i,,(SA/div)\ iy(5AMIV)

(b)

()

Figure 9. Experiment result. (a) The overall tracking of experimental results of literature by Bakeer A, et al.''>! (b) The
load current experiment result of literature by Bakeer A, et al.'3! (c) The overall tracking of experimental results of short
horizon MPC. (d) The load current experiment result of short horizon MPC.
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It can be seen from the experiment that the proposed method
has better control effect, and which verifies the correctness
and feasibility of the theory.

6. CONCLUSION

In order to solve the problem that the inductor current ripple
wave is large due to the unfixed switching frequency, and the
inverter output waveform quality is low, this paper proposed
a short horizon predictive control algorithm. The relationship
between the predicted horizon and the switching frequency

is studied in detail, and the effects of the inductor current and
output characteristics of the quasi-Z-source inverter when
the switching frequency is too low and too high are analyzed.
The quasi-Z source inverter is adjusted by taking appropri-
ate prediction horizon, and the operating frequency of the
inverter is improved by this method. Finally, the simulation
and experimental results shows that the method can effec-
tively reduce the ripple of the inductor current and improve
the output waveform quality of the inverter.
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