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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 VSP?CC aims to regulate the current on
the ac side as well as the inductor current and capacitor voltage
of the quasi-Z-source network. Unlike the previously presented
model predictive control (MPC) strategies for the qZSI, with
the proposed control scheme the optimal switch position can
be changed at any time instant within the sampling interval. By
doing so, the shoot-through state can be applied for a shorter time
than the sampling interval which in turn results in lower output
and inductor currents ripples. Experimental results, based on an
FPGA, are provided to verify the proposed control technique.
As it is shown, in comparison with the conventional MPC, the
proposed method results in lower inductor current ripples and
less output current THD.

I. INTRODUCTION

Z-source inverter (ZSI) has been recently proposed as an
effective alternative to the conventional voltage source inverter
(VSI) [1]. The ZST utilizes an impedance network, consisting
of two identical inductors and two identical capacitors, and
it includes an additional shoot-through state (at least one the
inverter legs is short-circuited) in order to boost the input dc
voltage to the desired dc-link level [2], [3]. In this respect,
the shoot-through problem is positively utilized, thus, the
employed dead-time with the conventional inverters is not
required. This in turn results in low output current/voltage
distortion and high inverter reliability [4].

Thereafter, the quasi-Z-source inverter (qZSI) was intro-
duced as an improved version of the classical ZSI [5]. Due 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, see [6]-[11].

The qZSI has been considered as a buck-boost converter
that operates as both dc-dc and dc-ac converters in one
single-stage. Consequently, it needs two decoupled controllers.
The dc-side controller adjusts the capacitor voltage (dc-link
voltage) by controlling the shoot-through duty cycle, while the
ac-side controller manipulates the inverter modulation index
to regulate the output ac current/voltage. The design of the
conventional proportional-integral (PI) controllers for the qZSI
has been examined and discussed in many works, see e.g. [8],
[9], [12]-[14]. It has been shown that the PI control results in
satisfactory performance; however, the design process is still

cumbersome since cascaded control loops are required for both
sides of the converter [15].

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 [15]-[19]. Thanks to its fast
dynamic response, implementation simplicity, and ability to
handle multiple control objectives [20]-[22], MPC has proved
to be an effective control algorithm for the qZSI. In this
strategy, based on the control objectives (the regulation of the
output current, inductor current, and capacitor voltage to their
reference values as well as control of the switching frequency),
an optimization problem is formulated and solved to find the
optimal control action (switch position). However, the solution
to the optimization problem underlying MPC is applied for at
least one sampling interval. This implies that the shoot-though
state can be applied for more than one sampling interval.
Consequently, when the converter operates at low switching
frequency, the shoot-through state is applied for a long time.
This leads to high inductor current ripples and output current
total harmonic distortion (THD) [17].

Recently, some techniques have been proposed that include
a “modulator” to the MPC scheme, with a goal to reduce the
ripples of the variables of interest (e.g. current, torque, flux,
etc.) [23]-[28]. This is done by formulating an optimization
problem, the solution to which is the time instant within
the sampling interval where the switches of the converter
should change state in order for the ripples of concern to be
minimized. As a result, the switching states that could lead to
high ripples are applied for less time than with conventional
MPC, 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, the proposed scheme
aims to reduce the output and inductor currents ripples by
changing the switch position at any point within the sampling
interval, thus, reducing the time the shoot-through state is
applied. The performance of the proposed scheme is experi-
mentally investigated based on a field programmable gate array
(FPGA) Cyclone II-EP3C40Q240C8. The proposed method
results in lower inductor current ripples and output current
THD compared to the conventional MPC when operating the



Cy

AY|

1
Ly

Y Y Y\

Ly

Yo

@ J@ L io,abcR

G

Fig. 1: Topology of the quasi-Z-source inverter (qZSI).
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Fig. 2: Operation states of the qZSI.

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 in Section III. In Section IV, experimental
results are provided and discussed. Finally, the conclusion is
drawn in Section V.

II. SYSTEM PHYSICAL 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 operating state,
the qZSI operates in two different states; shoot-through state
and non-shoot-through state (comprising of the six active and
two zero states of the conventional two-level voltage source
inverter) as displayed in Fig. 2. Consequently, the physical
model of the qZSI will be separately derived for each operating
state. Then, the overall model of the system will be obtained.

Note that to reduce the computations, the output current is
expressed in the stationary orthogonal system (a/3) instead of

the three-phase system (abc), i.e. 4505 = Ko abe,' Where K
is the Clarke transformation matrix
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The state vector includes the output current, the in-
ductor currents, and the capacitor voltages, i.e. * =
lio.00 G051, iLy Vo) Vo,|T € RS, The output and the inductor
currents as well as the capacitor voltage compose the output
vector?, i.e. Y = [ioa i0p in, vo,)T € RL Moreover, the
system input is the three-phase switch positions wqs. € U3,
where Uqpe = [t up ue)T and U = {0,1}. Finally, the input
dc voltage is considered as a disturbance to the system, i.e.
w = vy, € R,

A. 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

da(t
% = Flill(t) + Gluabc(t) + H’U)(t) (23)
y(t) = Ex(t), (2b)
where?
i 7% 0 0 0 0 0 T
0 _% 0 0 0 0
0 0 0 0 —¢% 0
F, = 0 0 0 0 0 —L%
ug K ) wancKih
CIéfll T CIéle Cr 0 0 !
Ugpe :, Ugbe : 1
L 02( . C'2< =0 oz 0 0]
b 0
0o 1+ 0
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c 0 0 i 0 )
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0 0 0
1 0 00 0 O
01 0 0 0 O
E= 00 1 0 0 O
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where R (L) is the load resistance (inductance), and 0q4. is the
peak dc-link voltage, see the appendix.

'Note that the subscript for vectors in the o3 plane is dropped to simplify
the notation. Vectors in the abc plane are denoted with the corresponding
subscript.

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

3For a matrix M, M . ;) denotes its ith column.



B. Shoot-Through State

As shown in Fig. 2(b), at the shoot-through state, the diode
is off and the load is short-circuited. During this state, the
input voltage source and the capacitors charge the inductors.
Consequently, the model is given by

dx(t
% = Fox(t) + Gaugpc(t) + Hw(t) (3a)
y(t) = Ex(t), (3b)
where
—& 0 0 0 0 0
o -& o 0 0 0
|0 0 0 0o 0 £
710 0 0 0 4 0]
0O 0 0 —Z& 0 0
0 0 —c% 0 0 0

and G is the zero matrix of appropriate dimensions.

C. Continuous-Time Model

The derived models (2) and (3) can compose one model that
precisely describes the different operating states of the qZSI.
To do so, an auxiliary binary variable d,,y is introduced. This
variable indicates the state at which the converter operates, i.e.

0
daux = { 1
“4)

The transition from non-shoot-through state to shoot-through
state, and vice versa, is input-dependent, thus (4) can be
written as

0
daux = { 1

Taking all the above into account, the model of the converter
can be written as

if non-shoot-through state (active or zero state)
if shoot-through state

if uy # u,Va € {a,b,c}

if 3z € {a,b,c} st uy =0, =1 &)

das(t
" = Falt) + Guanlt) + Hut) ()
y(t) = Ex(t), (6b)
where
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Fig. 3: Variable switching point concept.
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Moreover, G = (1 — dux)G1.
D. Discrete-Time 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 (6)
is discretized as follows

x(k+1) = Ax(k) + Buap(k) + Dw(k)
y(k) = Cxz(k),

(7a)
(7b)

where A = (F+ I)Ts, B=GT,, D= HT,; and C = E.
Moreover, I is the identity matrix of appropriate dimensions,
T, denotes the sampling interval, and k € N.

III. VARIABLE SWITCHING POINT PREDICTIVE CURRENT
CONTROL STRATEGY

A. Control Objective

The main objective of the proposed VSP2CC strategy is
to regulate the output current, inductor current, and capacitor
voltage along their reference values. In addition, the switching
frequency is to be kept 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 calculates the variable switching point (VSP) at
which the optimal switch position should be applied. The VSP
is calculated such that the squared rms current error of the
output current is minimized.

B. Proposed Control Algorithm

As mentioned, the VSP ¢, ie. t, € [0,7s) is calculated
based on the minimization of the squared rms error of the
output current, where t, = nl(lftz T, with nl(rﬁi € [0,1) being
the normalized time instant between the time-steps k and k+1.

Fig. 3 shows the main concept of VSP where the slopes of
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Fig. 4: Variable switching point predictive current control for the qZSI.

both o and 3 currents are assumed to be constant over one
sampling interval. Accordingly, the squared rms current error
(erms2) 18 given by

1 S . 2
€rms2 = ? (/ ('Laﬁ,ref - laﬂ(t7 uabc(k))) di+
s 0

Ts
/ (ia@,mf—iaﬁ(uuabc(mnfrﬁi))fdt), )
t

z

where i,8.f is the o«f current reference. Moreover,
20 (t, Wape(k)) and 4,5(¢, uabc(k:—&—ni(lﬁz)) are the output cur-
rents resulting from the applied switch position and candidate
switch positions, respectively, with z € {1,2,--- ,8} denoting
the corresponding switch position. Note that Fig. 3 shows the
current slopes resulting from the applied switch position (i.e.
Mq,, Mg, ) and only one of the candidate switch positions (i.e.

May, > MB,_)-

In order to minimize (8) its derivative is set equal to zero.
This yields

(2 iaﬁo -2 ia[},ref + T maﬁzz)(maf&z - m&ﬁl)
(2 map, — maﬁz)(ma,@l - maﬁzz)
where 1,3, denotes the measured a3 currents at time-step &
(see Fig. 3). In addition, mqp, = [ma, mg,|” and mas, =

[Ma,. mga, |

t, =

9

The following algorithm, executed at time-step k, is used
to calculate the VSP with the corresponding optimal switch
position.

Step 1: First, it is assumed that the switch position wqp. (k—
1+ ni(nkfl)) applied at time instant (k — 1+ ni(ftfl))Ts is also
applied at time-step £. Then, by using the system model (7)
and the measured output current, the predicted output current
at step k+1 (ia3(k+1)) is computed. Hence, the first current

slopes can be given by
’L'a[a(k? +1)— ’l:aﬂ(]{)
T '

Step 2: Then, the predicted output current is recomputed
assuming that the switch position at time-step &, i.e. wqpc(k),

(10)

Mmap, =

can be anyone of the eight possibilities (six active switch posi-
tions, one zero switch position, and one shoot-through switch
position). Then, the possible current slopes are calculated as

tap. (k+1) —iap(k)

Using the current slopes in (10) and (11), the VSP (9) can
be calculated.

Y

maggz =

Step 3: Based on the computed VSP, the predictions of
the state and output variables are computed at two different
time instances. The first predictions are computed at kJF”l(rﬁZ

where %, is used instead of T in (7). For the second set of
predictions at k + 1, the time interval (75 — ¢,) is used.

Step 4: Next, a cost function is formulated as follows

T0) = (119 = 9k + IR ) + Al | Autane (k1R 1
¢es

(12)
with § = {ninta 1} and Yret = [io,a,ref Z.o.ﬂ,ref Z'Ll,ref Ucl,ref]T-
The second term is added to adjust the switching frequency
of the converter, where Augpc(k) = Uape(k) — Uape(k — 1).
Moreover, the weighting factor A, and the diagonal positive
semidefinite weighting matrix* @ € R*** are added to set the
trade-off between the tracking performance and the converter
switching frequency.

Then, in order to find the optimal switch position and the
corresponding VSP, the following optimization problem is
solved in real time

minimize  J(k)
Uape (13)
subject to  eq. (7).

This yields the pair U* (k) = {u;;bc(k + i), ) }
Finally, a modulator is used to apply the final switching

signals to the converter. The modulator is working on a higher

sampling frequency than the one of the MPC algorithm itself.

4The squared norm weighted with the positive (semi)definite matrix W is
given by [|€][5y, = £TWE.
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The modulator first outputs the previously applied switch posi-
tion wgpe(k — 1+ ni(rﬁ_l)) until time instant ¢,. Subsequently,

it applies the new optimal switch position w’, (kniy) until
the end of the sampling interval. At the next time-step & + 1,
the control procedure is repeated with new measurements. The

block diagram of VSP2CC for the qZSI is shown in Fig. 4.

IV. EXPERIMENTAL RESULTS

To examine the performance of the proposed VSP?CC
strategy for the qZSI configuration, shown in Fig. 1, exper-
iments were conducted in the laboratory. For the sake of
comparison, the conventional MPC is also investigated [16].
Both control algorithms are implemented on a low-cost, low-
power field programmable logic array (FPGA) Cyclone III-
EP3C40Q240CS8, with 39,600 logic elements, 126 multipliers,
and 1,161,216 total RAM bits.

To compensate for the time delay introduced by the pro-
posed and conventional algorithm, a delay compensation strat-
egy is applied [29]. Concerning the computational demand,
VSP2CC needs higher calculation time than the conventional
MPC. For instance, the conventional MPC algorithms is exe-
cuted in 3us, while the proposed VSP?CC requires 5us. By
using an FPGA, both algorithms can be easily implemented.

The system parameters are vy, = 70V, L1 = Ly = 1 mH,
Cy =Cy =480uF, R =101, and L = 10mH. According
to the desired output power (P,rr = 315W), the output
current reference %, rr is set to 4 A, while the inductor current
reference is equal to 4.5A (i, ref = Porer/Vin). In order
to keep the peak dc-link voltage v4. at 180V, the capacitor
voltage reference ve, o 18 set to 120V, see the steady-state
analysis in the appendix. The sampling interval used for the
VSP2CC algorithm is T, = 25 us, while it is Ty = 0.25 s
for the modulator block.

Furthermore, the converter operates at the desired switching
frequency fsw, by adjusting @ and A, in (12). Fig. 5 shows
how the weighting factor A, affects the operating switching
frequency of the converter with both the conventional MPC
and proposed VSP?CC schemes.

140

120 [ty e

0 10 20 30
Time [ms]
(a) Capacitor voltage vc, and its reference in [V].

Time [ms]
(b) Inductor current 47, and its reference in [A].

200

100

0 10 20 30
Time [ms]

(c¢) Dc-link voltage vqe in [V].

0 10 20 30
Time [ms]

(d) Three-phase output current %, (solid lines) and their references (dash-dotted
lines) in [A].

8 12 16 20
Frequency [kHz]
(e) Output current spectrum (%), THD = 4.21 %.

Fig. 6: Experimental results of the dc and ac side of the qZSI with the
VSP2CC. The sampling interval is Ts = 25 us and the switching frequency
is fow ~ 3.4kHz.
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Fig. 8: Trade-off between the current THD I, typ and the switching frequency
fsw for the VSP2CC and conventional MPC.

A. Steady-State Operation

The steady-state response of the qZSI is examined with the
proposed VSP2CC and the conventional MPC. The operating
average switching frequency is adjusted to fs, =~ 3.4kHz for
both controllers by setting A, in (12) as 0.75 and 2.6 with
VSP2CC and conventional MPC, respectively.

The experimental results for VSP2CC and conventional
MPC are shown in Figs. 6 and 7, respectively. As can be seen,
the dc-side variables effectively track their reference values
in both examined cases. The capacitor voltages (Figs. 6(a)
and 7(a)) and the inductor currents (Figs. 6(b) and 7(b)) are
regulated along their reference values resulting in the desired
peak dc-link voltage of 180V (Figs. 6(c) and 7(c)). Although
both controllers introduce zero steady-state error for both dc
quantities, VSP2CC produces inductor current of about 50 %
less ripple than the conventional MPC.

As for the ac side, Figs. 6(d) and 7(d) show that the output
current accurately tracks its reference with both VSP?CC
and conventional MPC. However, VSP2CC produces output
current THD of 4.21%, notably lower than the THD with the
conventional MPC (12.49%), see Figs. 6(e) and 7(e).

Furthermore, the trade-off between the output current THD
and the switching frequency of the proposed VSP?CC and
the conventional MPC is investigated. In this experiment, A,
is appropriately tuned to obtain a wide range of switching
frequencies. The results are approximated by a third degree
polynomial and shown in Fig. 8. As can be observed, the
VSP2CC introduces lower THD values than the conventional
MPC over the whole range of the switching frequencies.

B. Transient Response

The transient behavior of the proposed VSP?CC and con-
ventional MPC are scrutinized under a step change in the
output current reference. The output current is stepped up
from 2 A to 4 A. Consequently, the inductor current reference
is changed from 1.7A to 4.5 A, while the capacitor voltage
reference is kept fixed at 120 V.
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Fig. 9: Experimental results of the dc and ac side of the qZSI with VSP2CC
under a step-up change in the output current reference.

The dc- and ac-side results are shown in Figs. 9 and 10
for VSP2CC and conventional MPC, respectively. With both
control schemes, the capacitor voltages are well regulated
along their reference values, see Figs. 9(a) and 10(a). Ad-
ditionally, as can be seen in Figs. 9(b) and 10(b), the inductor
currents track their references both before and after the step
change. Although both control schemes introduce very fast
transient response, VSP2CC shows lower current ripples at
both operating points.

As for the ac side, the proposed VSP?CC and conventional
MPC achieve zero steady-state error (Figs. 9(c) and 10(c))
with very short transient time. It is also clear that VSP?CC
delivers lower output current distortion. This verifies the theory
that if the shoot-through state is applied for less time than the
sampling interval, the inductor and output current ripples (as
quantified by the output current THD) can be significantly
reduced. As a result, the performance of the converter can be
considerably improved.

V. CONCLUSIONS

This paper presents a variable switching point predictive
current control (VSP?CC) for the quasi-Z-source inverter
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Fig. 10: Experimental results of the dc and ac side of the qZSI with
conventional MPC under a step-up change in the output current reference.

(qZS]). The proposed algorithm controls both sides of the
converter, i.e. the output current on the ac side as well as
the inductor current and capacitor voltage on the dc side. In
order to improve the system behavior, VSP2CC changes the
(optimal) state of the switches at that time instant that results
in minimal inductor and output current ripples. By doing so,
the switch position that results in high current ripples (i.e.
the shoot-through state) is applied for a shorter time. The
performance of the proposed method and conventional MPC
are experimentally investigated based on an FPGA. Although
the proposed algorithm requires higher calculation time than
the conventional MPC, by using high performance and high
optimized FPGA the implementation of the proposed algo-
rithm is possible. It is shown that the proposed strategy results
in lower inductor current ripples and less output current THD
compared with the conventional scheme when the converter
operates at the same switching frequency.

APPENDIX

At steady-state operation, and according to the inductor volt-
second balance, the average voltage of the inductors is zero
over one time window T} = n;T,, with n; € NT. Note that



Ty ~ 1/ fo, with fi, being the average switching frequency”.
Therefore, the voltages of the capacitors C; and Cs, ve, and
vc,, respectively, as well as the currents 77, and 4y, of the
inductors L; and Lo, respectively, are deduced as follows,
assuming that C; = C5 and Ly = Lo

1-d d
vc, = mvin, Ve, = mvin, (14a)
. . 1-d .
1L, =1L, = 1_72dlload, (14b)

where j0,q is the load current as shown in Fig. 2(a). The
average shoot-through duty cycle of the qZSI d € [0, 0.5)
is defined as

To
=T =
where Ty is the time interval within the time window T for
which the load is short-circuited, i.e. the shoot-through time
interval, and ng < %, ng € NT. Moreover, the peak value of
the dc-link voltage during the non-shoot-through period is

nols  ng

d ; 5)

Ty ny

Vge = v, +vo, = (16)

o
1—2d ™"
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