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Abstract—This paper presents a variable switching point pre-
dictive current control (VSP2CC) for the quasi-Z-source inverter
(qZSI). The proposed VSP2CC aims to remove the output current
error on the ac side as well as the inductor current and capacitor
voltage errors of the quasi-Z-source network on the dc side
of the converter. Unlike the previously presented direct model
predictive control (MPC) strategies for the qZSI, the proposed
control scheme can directly apply the switching signals not only
at the discrete time instants, but at any time instant within the
sampling interval. Consequently, the shoot-through state can be
applied for a shorter time than the sampling interval, resulting in
lower output and inductor currents ripples. Experimental results

based on an FPGA are provided to verify the effectiveness of
the introduced control method. As it is shown, the proposed
method leads to lower inductor current ripples and less output
current total harmonic distortion (THD) when compared with
the conventional direct MPC.

Index Terms—Model predictive control (MPC), variable
switching point (VSP), quasi-Z-source inverter (qZSI), current
control

I. INTRODUCTION

T
HE Z-source inverter (ZSI) has been proposed as an

effective alternative to the conventional voltage source

inverter (VSI) [2]–[4]. The ZSI utilizes an impedance network,

consisting of two identical inductors and two identical capac-

itors, in order to boost the input dc voltage to the desired

dc-link level. This is achieved by introducing a shoot-through

state, according to which at least one of the inverter legs is

short-circuited [2]. Besides the boosting functionality of the

shoot-through state, allowing for short-circuited phases implies

that the dead time required with the conventional VSIs is not

an issue for the ZSI. As a result, the output current/voltage dis-

tortions decrease and a high inverter reliability is reached [5],

[6].

More recently, the quasi-Z-source inverter (qZSI) was in-

troduced as an improved version of the ZSI [7]. Thanks to

its extra advantages, such as continuous input current, smaller

passive components, and common ground point between the

input and the dc-link bus, the qZSI has been used in a wide

range of applications, such as general-purpose variable speed

drives [8], electric vehicles [9], [10], distributed generation
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applications [11], applications with battery energy storage

units [12], and photovoltaic power systems [13], [14].

The qZSI can been considered as a buck-boost converter

since it performs the functions of a dc-dc and dc-ac converter

in one single stage. This implies that two decoupled controllers

are required to fully control the system; one for the dc, and

one for the ac side. More specifically, the dc-side controller

adjusts the capacitor voltage (dc-link voltage) by controlling

the shoot-through duty cycle, whereas the ac-side controller

manipulates the inverter modulation index to regulate the

output ac current/voltage to the desired value. To this end,

conventional linear controllers, such as proportional-integral

(PI) controllers, are utilized and combined with a pulse width

modulation (PWM) stage to generate the switching signals [9],

[11], [14]–[16]. Although such controllers have exhibited

satisfactory performance, the design process is cumbersome

since additional anti-windup mechanisms and rate limiters are

required as well as cascaded control loops need to be designed

for both sides of the converter, see [16] and references therein.

As an alternative, direct model predictive control (MPC),

also referred to as finite control set MPC (FCS-MPC), has

been recently applied to the qZSI [17]–[24]. Thanks to its

fast dynamic response, implementation simplicity and ability

to handle multiple control objectives [25]–[33], MPC has

proved to be an effective control algorithm for the qZSI.

With direct MPC the control objectives—i.e., the regulation

of the output current, inductor current, and capacitor voltage

to their reference values as well as control of the switching

frequency—are mapped into an objective function which is

minimized in real time in order to conclude to the optimal

control action (i.e., the switches position) that results in the

best possible system behavior. Subsequently, the computed

optimal switches position is directly fed to the converter,

thus a modulation stage is bypassed. That way, the same

switches position is applied to the system for at least one

sampling interval, meaning that the converter can operate at

the shoot-though state for long time intervals. Given that this

phenomenon is further aggravated when the converter operates

at low switching frequencies, the resulting inductor current

ripples and output current total harmonic distortion (THD) can

be fairly high [24].

As a workaround to this inherent problem of direct MPC,

some techniques have been proposed that include a “modula-

tor” to the control scheme, with an eventual goal to reduce

the ripples of the variables of interest, depending on the

examined case study (e.g., output current, electromagnetic

torque, flux, etc.) [34]–[44]. This is done by introducing as an

additional optimization variable to the direct MPC problem the



time instant within the sampling interval the optimal switches

position should be applied to the converter in order for the

ripples of the variables of concern to be minimized. In other

words, such schemes allow for the converter switches to

change state not only at the discrete time instants, but also

at any instant within the sampling interval. Consequently, the

switches positions that can potentially lead to high ripples

are applied for less time than with conventional direct MPC

schemes, resulting in an overall improved system performance.

Motivated by the advantages of the aforementioned ap-

proaches, this paper proposes a variable switching point pre-

dictive current control (VSP2CC) for the qZSI. In addition

to the above-mentioned control objectives for the qZSI, the

proposed scheme aims to reduce the output and inductor

currents ripples by changing the switches position at any time

instant within the sampling interval, thus, reducing the time of

operation at the shoot-through state. The introduced method

is implemented on a low-cost field programmable gate array

(FPGA) Cyclone III-EP3C40Q240C8 and its performance is

experimentally investigated with a qZSI and an RL load. As

shown, the presented control algorithm results in lower induc-

tor current ripples and output current THD compared with the

conventional direct MPC when operating the converter at the

same switching frequency.

This paper is structured as follows. Section II introduces

the mathematical model of the qZSI. The proposed VSP2CC

strategy is presented and analyzed in Section III. In Section

IV, experimental results are provided and discussed. Finally,

the conclusions are drawn in Section V.

II. PHYSICAL MODEL OF THE QUASI-Z-SOURCE

INVERTER

Before proceeding with the system modeling, it should

be noted that in order to simplify the derivations of both

the mathematical description of the system and the optimal

control problem, any variable in the three-phase abc-plane,
i.e., ξabc = [ξa ξb ξc]

T is transformed to a two-dimensional

variable ξαβ = [ξα ξβ ]
T in the stationary, orthogonal αβ-

plane, via the transformation matrix K, i.e., ξαβ = Kξabc,
1

where K is the Clarke transformation matrix

K =
2

3

[

1 − 1
2 − 1

2

0
√
3
2 −

√
3
2

]

. (1)

A. Continuous-Time Model

The system under discussion, consisting of a quasi-Z-source

(qZS) network, a two-level three-phase inverter, and an RL
load, is shown in Fig. 1. Depending on the switches position,

the qZSI can operate at two different states, i.e., the non-shoot-

through and the shoot-through state. When operating at the

former state (Fig, 2(a)), the dc-ac part of the converter operates

as the conventional two-level VSI, i.e., it can produce eight

voltage vectors, six of which are active and two zero [45].

Operation at the latter state means that at least one phase leg

1Throughout the paper, for vectors in the abc-plane the corresponding
subscript is dropped for notational simplicity. Vectors in the αβ-plane,
however, are denoted with the corresponding subscript.
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Fig. 1: Topology of the quasi-Z-source inverter (qZSI).
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(a) Non-shoot-through state.
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(b) Shoot-through state (iST stands for the shoot-through cur-
rent, i.e., the dc-link current during the shoot-through state).

Fig. 2: Operational states of the qZSI.

of the inverter is short circuited (both switches of the same

phase are simultaneously on); the resulting equivalent circuit

is presented in Fig. 2(b). Consequently, in order to derive an

accurate model of the converter that will serve as an internal

prediction model for the VSP2CC, the two operating states

will be examined first separately and, following, the overall

model of the system will be obtained.

To fully describe the dynamics of the qZSI, the output

current, the inductor currents, and the capacitor voltages are

chosen as state variables. Therefore, the state vector is of the

form

x =
[

io,α io,β iL1 iL2 vC1 vC2

]T

∈ R
6 . (2)

The output and the inductor currents as well as the

capacitor voltage constitute the output vector2, i.e.,

y = [io,α io,β iL1 vC1 ]
T ∈ R

4. Moreover, the system

2Due to the symmetry of the qZS network, only one inductor current and
one capacitor voltage are considered as output variables.



input is the switches position u ∈ U = U3 with

u =
[

ua ub uc

]T

. (3)

The integer variable uζ ∈ U in (3), with ζ ∈ {a, b, c}, denotes
the switch position in phase ζ, and it is constrained to the set

U = {0, 1} . (4)

Finally, the input dc voltage is considered as a disturbance to

the system, i.e., w = vin ∈ R.

1) Non-Shoot-Through State: During the non-shoot-

through state, as shown in Fig. 2(a), the input voltage source

and the inductors charge the capacitors and feed the load.

Accordingly, the converter model is obtained by

dx(t)

dt
= F 1x(t) +G1u(t) +Hw(t) (5a)

y(t) = Ex(t) , (5b)

where3
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,

with R (L) being the load resistance (inductance), and v̂dc the
peak dc-link voltage, see the appendix.

2) Shoot-Through State: As can be seen in Fig. 2(b), the

diode is reverse biased and the load is short-circuited when

the converter operates at the shoot-through state. During this

operation the input voltage source and the capacitors charge

the inductors. Consequently, the model is given by

dx(t)

dt
= F 2x(t) +G2u(t) +Hw(t) (6a)

y(t) = Ex(t) , (6b)

3For a matrix M , M(:,i) denotes its ith column.

where

F 2 =
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,

and G2 is the zero matrix of appropriate dimensions. It is

worthwhile to point out that the latter implies that the qZSI

at this state of operation can be considered as an autonomous

linear dynamical system with an external disturbance.

3) Complete Model of the System: The derived models (5)

and (6) can be integrated into one model that precisely

describes the dynamics of the converter when operating at

the different states. To this aim, an auxiliary binary variable

daux is introduced. This variable indicates the state at which

the converter operates, i.e.,

daux =

{

0 if non-shoot-through state

1 if shoot-through state
. (7)

The transition from non-shoot-through state to shoot-through

state, and vice versa, is input-dependent, thus (7) can be

written as

daux =

{

0 if uζ 6= ūζ∀ ζ ∈ {a, b, c}

1 if ∃ ζ ∈ {a, b, c} s.t. uζ = ūζ = 1
, (8)

where ūζ denotes the position of the lower switch in phase ζ.

Taking all the above into account, the model of the converter

can be written as

dx(t)

dt
= Fx(t) +Gu(t) +Hw(t) (9a)

y(t) = Ex(t) , (9b)

where

F =
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,

with m1 and m2 being

m1 = (daux − 1)uTK−1
(:,1) ,

m2 = (daux − 1)uTK−1
(:,2) ,

respectively, and G = (1 − daux)G1.

In Fig. 3 the operating states of the converter are described,

where the qZSI is represented as an automaton [24]. The

condition that specifies the transitions from one state to another

is given by the auxiliary variable daux which depends on the

single-phase switch position, see (8).
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Fig. 3: The qZSI presented as an automaton driven by conditions.
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B. Prediction Model

To compute the predictions of the variables of interest, the

discrete-time model of the qZSI is required. Hence, by using

forward Euler approximation, the continuous-time model (9)

is discretized as follows

x(k + 1) = Ax(k) +Bu(k) +Dw(k) (11a)

y(k) = Cx(k), (11b)

where A = FTs + I , B = GTs, D = HTs and C = E.

Moreover, I is the identity matrix of appropriate dimensions,

Ts denotes the sampling interval, and k ∈ N.

III. VARIABLE SWITCHING POINT PREDICTIVE CURRENT

CONTROL STRATEGY

A. Control Objectives

The main control goal of the proposed VSP2CC strategy is

to regulate the output current, inductor current, and capacitor

voltage along their reference values by appropriately manipu-

lating the switches position. An additional objective is to keep

the switching frequency relatively low in order to reduce the

switching losses. Moreover, the output current ripples are to

be minimized. To achieve these goals, the control algorithm

not only computes the optimal switches position that meets the

aforementioned tasks, but also it calculates the time instant—

referred to as variable switching point (VSP)—at which it

should be applied to the converter.

B. Proposed Control Algorithm

Let uz , with z ∈ {0, 1, · · · , 7}, denote the candidate

switches position that is to be applied at the time instant (i.e.,

VSP)

tz = n
(k)
intz

Ts ∈ [0, Ts) , (12)

with n
(k)
intz
∈ [0, 1) being the normalized time instant between

the time-steps k and k+1.4 The goal of the proposed algorithm
is to compute that pair U(k) = (uz , tz) that meets the

objectives mentioned in Section III-A. To do so, the possible

VSPs tz need to be computed for all candidate switches

positions uz ; this is done by considering the ripple of the

output current.

More specifically, minimization of the output current ripples

can be interpreted as minimization of the energy content of

the output current error io,err,αβ = io,ref,αβ − io,αβ , where

io,ref,αβ is the reference value of the output current. This

implies that for the calculation of the VSP tz the (squared)

rms value of the output current error needs to be minimized.

To simplify the computation, since Ts ≪ T0, where Ts is the

sampling interval and T0 the fundamental period, it can be

assumed that the output current evolves linearly (as can be

also deduced from (11)) within one Ts. For the same reason,

it can be assumed that the current reference remains constant

within the same time interval. Fig. 4 shows the evolution of

the output current within one Ts when one of the candidate

switches positions uz is applied, i.e., only for one of the

eight possible pairs (uz, tz). As can be seen, the switches

position u(k) is applied to the converter for the interval [0, tz)
and the current evolves with constant slope m1,αβ . For the

remaining time (i.e., [tz , Ts)), the candidate switches position
uz is implemented, and the current changes linearly with slope

m2z,αβ .

Given the above, the (squared) rms value of the output

current error is given by5

i2o,err,rms,αβ(tz) =
1

Ts

(
∫ tz

0

||io,ref,αβ(k)− io,αβ(t,u(k))||
2
2 dt

+

∫ Ts

tz

||io,ref,αβ(k)− io,αβ(t,uz(k + n
(k)
intz

))||22 dt

)

,

(13)

with io,αβ(t,u(k)) and io,αβ(t,u(k+n
(k)
intz

)) being the output
currents resulting from the applied switches position u(k) and
candidate switches positions uz , respectively, given by

io,αβ(t,u(k)) = m1,αβ · t+ io,αβ(t0) , t ∈ [0, tz) , (14)

and

io,αβ(t,u(k+n
(k)
intz

)) = m2z,αβ ·t+io,αβ(t,u(k)) , t ∈ [tz, Ts),
(15)

where io,αβ(t0) ≡ io,αβ(k) in (14) stands for the measured

output current.

Regarding the current slope m1,αβ (see (14)),

this is computed by considering that the switches

position u∗(k − 1 + n
∗(k−1)
int ) applied at time instant

(k − 1 + n
∗(k−1)
int )Ts—i.e., in the previous sampling

interval—is also applied at time-step k, i.e.,

u(k) = u∗(k − 1 + n
∗(k−1)
int ). Then, by using the system

4Note that positions u0 to u6 correspond to the seven unique voltage
vectors present in the non-shoot-through state (daux = 0), with u0 corre-
sponding the zero vector (i.e., u0 = [0 0 0]T or u0 = [1 1 1]T ), and
u1, . . .u6 corresponding to the six active vectors. Position u7 is the switch
combination that leads to the shoot-through state (daux = 1).

5Note that the rms value of the output current error is a scalar.



model (11) and the measured output current io,αβ(k), the
predicted output current at step k + 1, i.e., io,αβ(k + 1), is
computed. Hence, m1,αβ is given by

m1,αβ =
io,αβ(k + 1)|

u(k)=u∗(k−1+n
∗(k−1)
int

)
− io,αβ(k)

Ts

.

(16)

As for the eight possible current slopes m2z,αβ , they

are calculated by computing the predicted output current

io,αβ(k + 1) under the assumption that the switches position

at time-step k can be anyone of the eight possibilities (i.e.,

u(k) = uz). Therefore, the possible current slopes m2z ,αβ

are

m2z,αβ =
io,αβ(k + 1)|u(k)=uz

− io,αβ(k)

Ts

. (17)

After computing the current slopes m1,αβ (16) and

m2z,αβ (17) the VSPs can be derived by minimizing (13).

This is done by setting the derivative of the (squared) rms

value of the output current error equal to zero, i.e.,

di2o,err,rms,αβ(tz)

dtz
= 0 . (18)

This yields

tz =
p

q
(19)

where

p = (2io,αβ(k)−2io,ref,αβ(k)+Tsm2z,αβ)
T (m2z ,αβ−m1,αβ)

and

q = (2m1,αβ −m2z ,αβ)
T (m1,αβ −m2z,αβ) .

Having found the possible VSPs, the evolution of the output

variables is computed over two different time intervals, i.e.,

[0, tz) and [tz, Ts). More specifically, the value of the output

vector y at step k + n
(k)
intz

is computed based on (11) and the

pair (u(k), tz), where u(k) is the previously applied solution.
Following, (11) is used to compute y(k+1) for each one of the
derived pairs (uz , tz), with the difference that the prediction

is done over the time interval Ts − tz .
With all information required available (i.e., the values of

y(k+n
(k)
intz

) and y(k+1)) an objective function is formulated in
order to map the control objectives, as stated in Section III-A,

into a scalar. The function is of the form

J(k) =
∑

ξ∈S

(

||yref−y(k+ξ|k)||2Q

)

+λu||∆u(k|k)||22 , (20)

where yref = [io,ref,α io,ref,β iL1,ref vC1,ref]
T and

S =
{

n
(k)
intz

, 1
}

. The second term in (20), with

∆u(k) = u(k + 1)− u(k),6 is added to adjust the switching

frequency of the converter by penalizing changes in the

manipulated variable. The weighting factor λu > 0 and the

diagonal positive semidefinite weighting matrix7 Q ∈ R
4×4

6As explained in this section, it holds that u∗(k− 1 + n
∗(k−1)
int

) = u(k)

and uz(k + n
(k)
intz

) = u(k + 1).
7The squared norm weighted with the positive (semi)definite matrix W is

given by ||ξ||2
W

= ξTWξ.

are added to adjust the trade-off between the tracking

performance and the converter switching frequency.

More specifically, as far as the tracking performance of

the converter is concerned, the diagonal entries of Q set the

priority between the tracking accuracy among the three output

variables. Since for low current distortions the output current

ripple needs to be much smaller than the input current and

capacitor voltage ripples [32], priority is given to that by

choosing larger values for the weighting factors of the α-
and β-components of the output current. Thus, the first two

diagonal entries of Q are of greater value compared with the

other two. This implies that, in effect, the ratio betweenQ and

λu decides on the—simplified—trade-off between the output

current THD and the switching frequency of the converter. The

latter is computed according to

fsw = lim
M→∞

1

MTs

·
1

6

M−1
∑

ℓ=0

1

2

(

||u(ℓ)− u(ℓ − 1)||1

+ ||ū(ℓ)− ū(ℓ− 1)||1

)

.

(21)

i.e., by counting the number of on switching commutations

over a time interval of length MTs and by dividing this

number by the length of that interval. By doing so, the

switching frequency for each of the 6 controllable switches

of the qZSI is found. Following, the average value of the

aforementioned frequencies is calculated to yield the average

switching frequency. It is important to point out that the first

term of the summation in (21), i.e., ||u(ℓ)− u(ℓ− 1)||1, does
not suffice to provide an accurate value for the switching

frequency. The reason is that—in contrast to the conventional

VSI—the switches in phase ζ ∈ {a, b, c} are not necessarily

turned on and off in a complementary manner, i.e., when the

upper switch is on the lower is off (uζ = 1→ ūζ = 0), and
vice versa (uζ = 0→ ūζ = 1); when the converter operates at
shoot-through state they can be simultaneously on (uζ = 1
and ūζ = 1). To take this case into account the term

||ū(ℓ)− ū(ℓ− 1)||1, with ū = [ūa ūb ūc]
T , is added to the

expression. Since the introduction of the second term, however,

results in counting each switching commutation twice, the final

result is divided by 2.

Subsequently, the optimal switches position and the corre-

sponding VSP, i.e., the pair U∗(k) = (u∗, t∗), are found by

solving the following optimization problem in real time

minimize
U(k)

J(k)

subject to x(ℓ1) = Ax(ℓ2) +Bu(ℓ2) +Dw(ℓ2)

y(ℓ1) = Cx(ℓ1)

(ℓ1, ℓ2) ∈
{

(k + n
(k)
intz

, k), (k + 1, k + n
(k)
intz

)
}

U(k) ∈
{

(u0, t0), . . . , (u7, t7)
}

u(ℓ2) ∈ U

tz ∈ [0, Ts) .
(22)

In a last step, a “modulator”—that operates at a higher

sampling frequency than the MPC algorithm, i.e., T ′s = Ts/m,

m ∈ N
+—is used to apply the optimal switches position u∗
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Fig. 5: Variable switching point predictive current control (VP2CC) for the qZSI.

to the converter. To do so, the computed optimal time instant

t∗ is translated into a feasible8 switching instant via

n∗int =

⌈

t∗

T ′s

⌋

, (23)

where ⌈⋆⌋ denotes rounding to the closest integer. Thus, u∗ is

applied at time-step k+n
∗(k)
int , or, equivalently, at time-instant

n∗intT
′
s. This means that the modulator first outputs the previ-

ously applied switches position u∗(k − 1 + n
∗(k−1)
int ) = u(k)

until time instant n∗intT
′
s. Following, it implements the com-

puted optimal switches position u∗(k + n
∗(k)
int ) until the end

of the sampling interval Ts. At the next time-step k + 1,
the whole procedure is repeated with new measurements. The

block diagram of the proposed VSP2CC for the qZSI is shown

in Fig. 5.

IV. EXPERIMENTAL RESULTS

To examine the performance of the proposed VSP2CC

strategy for the qZSI configuration, shown in Fig. 1, exper-

iments were conducted in the laboratory. Fig. 6 shows the

experimental setup, consisting of a 3 kW variable dc power

supply, a 3 kW qZSI prototype and an RL load. The three-

phase IGBT bridge Powerex IPM PM300CLA060 module and

the RURG3060 diode are used as power switches on the ac

and dc side of the converter, respectively. For the implemen-

tation of the proposed control algorithm, a low-cost, low-

power field programmable logic array (FPGA) Cyclone III-

EP3C40Q240C8, with 39,600 logic elements, 126 multipliers,
and 1,161,216 total RAM bits is employed9. Moreover, for

the sake of comparison, the conventional direct MPC is also

investigated [24], [47].

To compensate for the time delay introduced by the pro-

posed and conventional direct MPC algorithms, a delay com-

8Given that t∗ ∈ [0, Ts), the VSP needs to be “discretized” on the basis
of the sampling interval T ′s of the modulator.

9For more details on the setup the reader is referred to [46].

host computer

oscilloscope

dc power supply

FPGA board &

peripheral boards

measurements boards

qZSI

RL load

Fig. 6: Experimental setup.

pensation strategy is applied [48]. Concerning the computa-

tional demand, VSP2CC needs higher calculation time than

the conventional direct MPC. Specifically, the latter is executed

in 3µs, while the proposed VSP2CC requires 5µs. By using

the aforementioned FPGA, both algorithms can be easily

implemented and executed well within the chosen sampling

interval mentioned below.

The system parameters are vin = 53V, L1 = L2 = 1mH,
C1 = C2 = 480µF, R = 10Ω, and L = 10mH. Based on

the desired output power (Po,ref = 240W), the output current
reference, given by

io,ref =

√

2Po,ref

3R
(24)

is set to 4A. As for the inductor current reference, it is

computed according to the steady-state power balance, i.e.,,
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Fig. 7: The effect of the weighting factor λu on the switching frequency fsw .
The data points were approximated using third-degree polynomials; the solid
(blue) line refers to the VSP2CC, and the dashed (red) line to the conventional
direct MPC.

iL1,ref = Po,ref/vin. Therefore, it is equal to ≈ 4.5A. Finally,
the capacitor voltage reference vC1,ref is derived according to

the analysis presented in [24] (see (11)-(12) in Section V).

Hence, in order to keep the peak dc-link voltage v̂dc at 180V,
a capacitor voltage vC1,ref = 120V is required.

The sampling interval used for the VSP2CC algorithm

and the modulator block is Ts = 25µs, and T ′s = 0.25µs,
i.e., m = 100, receptively. With regards to the choice of the

weighting factors in (20), as explained in Section III-B, to

achieve accurate tracking of the output current, the latter

is prioritized over the tracking of the inductor current and

capacitor voltage. This is done by imposing large penal-

ties on the output current error tracking terms in Q, i.e.,

Q = diag(1, 1, 0.1, 0.02). Keeping the entries of Q fixed, the

weighting factor λu is adjusted for the converter to operate

at the desired switching frequency fsw, as computed by (21).

This is done by exploring the trade-off surface [49] of the

λu–fsw characteristic. This is depicted in Fig. 7 for both the

conventional direct MPC and the proposed VSP2CC schemes,

where the individual simulations were approximated by a

third-order polynomial function.

A. Steady-State Operation

The steady-state performance of the qZSI is examined

with the proposed VSP2CC and the conventional direct MPC

with prediction horizon of one time step [24], see Figs. 8

and 9, respectively. For both controllers, the average switching

frequency is adjusted to fsw ≈ 3.4 kHz by setting λu in (20)

equal to 0.75 and 2.6 for VSP2CC and the conventional direct

MPC, respectively.

As can be seen, the dc-side variables effectively track

their reference values in both examined cases. Specifically,

the capacitor voltages (Figs. 8(a) and 9(a)) and the inductor

currents (Figs. 8(b) and 9(b)) are regulated along their refer-

ences resulting in the desired peak dc-link voltage of 180V
(Figs. 8(c) and 9(c)). Although both controllers introduce zero

steady-state error for both dc quantities of concern, VSP2CC

produces inductor current of about 50% less ripples than the

conventional direct MPC. This results from the fact the shoot-

through state can be applied for less than Ts, meaning that the

inductor current deviation from its reference can be controlled

more effectively.
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Fig. 8: Experimental results of the dc and ac side of the qZSI with the
VSP2CC. The sampling interval is Ts = 25µs and the switching frequency
is fsw ≈ 3.4 kHz.

With regards to the ac side, Figs. 8(d) and 9(d) show

that the output current accurately tracks its reference with
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Fig. 9: Experimental results of the dc and ac side of the qZSI with the
conventional one-step horizon direct MPC [24]. The sampling interval is
Ts = 25 µs and the switching frequency is fsw ≈ 3.4 kHz.

both control strategies under examination. However, VSP2CC

produces currents with 4.21% THD, notably lower than the

fsw [kHz]

I o
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D
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Fig. 10: Trade-off between the current THD Io,THD and the switching
frequency fsw . The individual experimental results were approximated with
third-degree polynomials. The solid (blue) line refers to the VSP2CC, the
dashed (red) line to the conventional one-step direct MPC, and the dash-dotted
(black) line to the linear controller with PWM.

THD the conventional one-step horizon direct MPC produces,

i.e., 12.49%, see Figs. 8(e) and 9(e), respectively. Thanks to

the introduction of the optimal switching time instant and the

additional “modulation” phase, the proposed MPC algorithm

applies the switches positions that result in high current ripples

for shorter time intervals than the conventional direct MPC

does.

Furthermore, the trade-off between the output current THD

and the switching frequency of the two discussed MPC

schemes is investigated. In this experiment, λu is varied to

obtain a wide range of switching frequencies, between 1.5 kHz
and 12 kHz. The individual results are approximated by a

polynomial of third degree and shown in Fig. 10. In the

same figure, the THD produced by a PI-based linear controller

with a PWM stage is included10. As can be observed, the

VSP2CC produces lower THD over the whole range of the

examined switching frequencies compared with not only the

conventional direct MPC, but also the linear controller with

PWM. This becomes more prominent for lower switching

frequencies. For example, at the lower end of the examined

range of switching frequencies (i.e., fsw = 1.5 kHz), the
proposed method produces currents with 8.89% THD, whereas

those produced with the conventional one-step horizon direct

MPC and the PWM-based linear controller have THD equal

to 18.03% and 13.96%, respectively. This characteristic of

VSP2CC makes it potentially an attractive option for high

power converters, given that these systems need to be oper-

ated at low switching frequencies for the switching losses—

which typically dominate the conduction losses for such

applications—to be kept low.

B. Response During Transients

The transient behavior of the proposed VSP2CC and con-

ventional direct MPC is examined under a step change in

the output current reference. More specifically, the desired

output power Po,ref is stepped up from 60W to 240W and that

change is translated into the corresponding current steady-state

references (see (24)). Therefore, the output current is changed

from 2A to 4A, and the inductor current reference from

10For a comprehensive comparison between the conventional one-step and
multistep direct MPC and a PI-based controller, the reader is referred to [24].
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Fig. 11: Experimental results of the dc and ac side of the qZSI with VSP2CC
under a step-up change in the output current reference.

≈ 1.1A to ≈ 4.5A. Finally, the capacitor voltage reference is
kept fixed at 120V.

The dc- and ac-side results obtained with VSP2CC and

conventional direct MPC are shown in Figs. 11 and 12,

respectively. As can be seen in Figs. 11(a) and 12(a), the ca-

pacitor voltage remains practically unaffected, with no under-

or overshoot observed, regardless of the employed control

strategy. As far as the inductor current is concerned, both

controllers manage to regulate it along its reference, with

zero steady-state error, both before and after the step change

(Figs. 11(b) and 12(b)). As can be observed, VSP2CC inherits

the fast transient response from the conventional direct MPC.

However, it produces lower inductor current ripples at both

operating points.

As for the ac-side current, both controllers avoid any steady-

state tracking errors, and successfully reach the new desired

value of the output current within a short transient response

time, see Figs. 11(c) and 12(c). The high dynamic performance

that characterizes direct MPC schemes is also observed with

VSP2CC. The latter, though, exhibits favorable performance in

terms of output current distortion (as quantified by the output

current THD, see Fig. 10). As a result, the performance of the

converter is considerably improved.
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Fig. 12: Experimental results of the dc and ac side of the qZSI with
conventional MPC under a step-up change in the output current reference.

Finally, it is worthwhile to mention that since VSP2CC

is a derivative of the conventional direct MPC, it inherits

other qualities that characterize such a scheme. Among those,

it is robustness to model mismatches and disturbances, as

examined in [24, Section V-C]. Owing to the receding horizon

policy of MPC—according to which the optimization problem

is solved at every time step based on updated measure-

ments [50]—feedback is added to the control scheme, thus

ensuring that the controller is robust to modeling errors.

V. CONCLUSIONS

This paper presents a variable switching point predictive

current control (VSP2CC) for the quasi-Z-source inverter

(qZSI). The proposed algorithm controls both sides of the con-

verter, i.e., the output current on the ac side as well as the in-

ductor current and capacitor voltage on the dc side. Having as

a goal to reduce the output and inductor current ripples—thus,

eventually, to improve the system performance—VSP2CC

can apply the (optimal) switches position not only at the

discrete time instants, but also at any time instant within the

sampling interval. By doing so, the switches position that

results in high current ripples (i.e., that position that results

in operation at the shoot-through state) can be applied for a



shorter time. Although the presented method is more computa-

tionally expensive than a conventional one-step horizon direct

model predictive control (MPC) scheme, it can be successfully

implemented on a low-cost FPGA. To validate the efficacy

of the proposed algorithm, VSP2CC is compared through

experiments with its conventional counterpart. As shown, the

proposed strategy results in lower inductor current ripples and

less output current total harmonic distortion (THD) for a given

switching frequency.

APPENDIX

According to the inductor volt-second balance, when the

converter operates at steady-state, the average voltage of the

inductors is zero over one time window T1 = n1Ts, with

n1 ≫ 0, n1 ∈ N
+, and T1 ≈ 1/fsw, with fsw being the average

switching frequency, as described by (21).11 Consequently,

the voltages vC1 and vC2 across the capacitors C1 and C2,

respectively, as well as the currents through the inductors L1

and L2, i.e., iL1 and iL2 , respectively, are given by

vC1 =
1− d

1− 2d
vin , vC2 =

d

1− 2d
vin , (25a)

iL1 = iL2 =
1− d

1− 2d
iload , (25b)

where it is assumed that C1 = C2 and L1 = L2. Moreover,

iload is the load current, see Fig. 2(a). In (25), d ∈ [0, 0.5)
stands for the average shoot-through duty cycle of the qZSI,

defined as

d =
Tst
T1

=
nstTs

n1Ts

=
nst
n1

, (26)

where Tst is the shoot-through time interval, i.e., the time

interval within the time window T1 for which the load is short-

circuited, and nst <
n1

2 , nst, n1 ∈ N
+. Finally, the peak value

of the dc-link voltage during the non-shoot-through interval is

v̂dc = vC1 + vC2 =
1

1− 2d
vin . (27)
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