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Abstract—Finite-State Model Predictive Control (FSC-
MPC) can be applied to a power converter if there is an
accurate existing model of the converter. The best results
will be achieved if and only if the parameters and variables
that make up the system are properly estimated. If this is
not the case, the predictions made using these strategies
may be erroneous and cause problems, such as steady-
state error with respect to the assigned desired references.
This work presents a predictive control strategy with
integral action that compensates for the differences
between the estimated model and the inverter with the
objective of achieving zero steady-state error without
requiring external loops or state observers. The proposed
strategy is tested on a single-phase Z-source inverter (SP-
ZSl) so as to evaluate the error in both the ac and dc
controlled variables with respect to their references to their
cosigns. The experimental results confirm that the
proposed strategy achieves zero error in steady state while
maintaining the fast dynamic response of the classic
predictive control.

Index terms— Predictive Control, Z-Source Inverter, FCS-
MPC, DeadBeat, Steady state error.

. INTRODUCTION

ODEL Predictive Control (MPC), despite having been

under development for nearly forty years, is still
considered an emerging strategy in many industrial applications
[1]-[3]. In applications that use power converters, Finite-State
Model Predictive Control (FCS-MPC) has received attention
from researchers and developers for more than a decade [4]-[7].
This interest is due to the fact that defining the mathematical
models to predict the behavior of the variables in a converter is

Manuscript received April 15, 2018, revised July 10, 2018; accepted
September 6, 2018. This work was supported by the Chilean Government under
Project CONICYT/FONDECYT 1160969, Project CONICYT/FONDECYT
1160690 and CONICYT /DOCTORADO NACIONAL/ 21160928

R. O. Ramirez, C. R. Baier and M. Rivera are with the Department of
Electro-mechanics and Energy Conversion, Universidad de Talca, Curicd 747-
C, Chile (e-mail: roramirez@utalca.cl; chaier@utalca.cl; marcoriv@utalca.cl).

J. R. Espinoza and F. Villarroel are with the Department of Electrical
Engineering, Universidad de Concepcidn, Concepcién 160-C, Chile (e-mail:
jose.espinoza@udec.cl; fvillarroel@udec.cl).

J. I. Guzman and P. E. Melin are with the Department of Electrical and
Electronic Engineering, Universidad del Bio-Bio, Concepcion 5-C, Chile (e-
mail: joguzman@ubiobio.cl; pemelin@ubiobio.cl).

not usually very complicated; furthermore, the existence of
inexpensive, powerful digital signal processors (DSP) for the
implementation of these strategies is an advantage that was not
available 20 or 30 years ago [8]-[10].

Nowadays, in the specific field of static power converters,
three-phase and single-phase inverters are fundamental in
power integration applications for incorporating renewable
energy to the distributed grid systems, micro-grids and/or
isolated systems [11]-[17]. Diverse types of inverters have been
controlled using FS-MPC’s. This strategy has been proposed in
voltage source inverters (VSI), current source inverters (CSI)
and also in Z-source inverter and quasi Z-source inverter
(ZSl/gZSl) impedance networks [18].

Z-source inverters (ZS1/qZSl) are among the least-known
inverters because they were first proposed less than 20 years
ago [19]-[23]. These inverters have the advantage that they can
behave as boosters or dampers on the ac-side, unlike VSIs,
which can only act as dampers, or CSls, which work as boosters
[26][27]. This characteristic of Z-source inverters is considered
a great advantage because it does not require the use of dc/dc
converters to extend its operating ranges, which is a common
practice with VSI’s and CSI’s [28]-[31].

Despite being easy to understand and implement, FCS-MPC
presents a series of challenges that have yet to be overcome,
including steady-state error [32]. This steady-state error is most
evident when there are considerable differences between the
discrete model and the system or when the FCS-MPC has a low
DSP sampling frequency [33][34]. Considering that, in general
in FSC-MPC’s, the maximum switching frequency is related to
the implemented DSP sampling frequency, there is a
contradictory problem: in order to minimize the system’s
steady-state error, one must increase the sampling frequency,
which in turn increases the converter’s switching losses. In
recent years, various works related to inverters implemented
with FCS-MPCs have focused on better understanding the
cause of this steady-state error, with the aim of reducing or
eliminating it [33]-[38]. Among the most note-worthy works
are those that propose state observers [39][44]. Nevertheless,
depending on the type of converter and model, the
implementation of these observers can be a complicated task
given the requirement to have the models associated with the
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system being studied.

A single-phase Z-source inverter (SP-ZSI), fed by a known
dc voltage source, must regulate both its dc capacitor voltages
and its dc inductor currents and track the current reference in
the ac load. All of these variables are controlled by the four
available states of the H-bridge converter. This work proposes
the use of an FSC-MPC strategy for the SP-ZSI that achieves
control and eliminates steady-state error in both the dc-side
voltage and the ac load current. To that end, an integral action
will be implemented in the ac current loop and the dc voltage
loop without the use of external loops. The proposed strategy
reduces the steady-state error caused by poor parameter
estimations and/or changes in the load conditions. Since it is not
necessary to increase the switching frequency in order to reduce
the steady-state error, it is possible to reduce the switching
losses with respect to the reduced error by using a higher
sampling frequency in the control strategy; demonstrating this,
however, falls outside the scope of this paper. Compared with
traditional control strategies, the resulting control strategy is
simple and intuitive to implement, and it eliminates the need to
design multiple cascaded loops to control the SP-ZSI [24].

This work is organized as follows. The next section presents
an overview of predictive control operations, and will also
study the prediction errors present in these controllers. Section
I11 presents SP-ZSI as a converter of interest for applications in
the classic FSC-MPC strategy. Section IV gives the equations
necessary for the proposed method to be applied in the
impedance source inverter. Section V presents the experimental
results obtained in an SP-ZSI under classic FSC-MPC and the
proposed strategy and compares both strategies. Finally,
Section VI offers the conclusions of this paper.

Il. FINITE STATE MODEL PREDICTIVE CONTROL

Predictive control utilizes a model of the system to calculate
the value of the state variables in a given prediction horizon and
then selects the optimal input to meet the control objectives set
for a given number of sampling times [1][2]. In particular, in
the case of power converters, there are a finite number of inputs
that permit changes in the values of the control variables [3].
These correspond to the permitted state combinations {1,0} or
{open, closed} that each of the converter’s switches can take.
Thus, the control challenge is a hybrid system in which the state
variables are continuous, but the inputs are discrete [45].

Given a system that is represented by the equation,

X(t)= Ax(t)+Bu(t,s) @)

where x(t) is the state variable vector, u(t) is the input vector,
and s is the selected state out of a total of n possible states. From
(1), it is possible to obtain a predictive model by using the
forward Euler approximation as,

(1) zw @

S

The discrete model used to estimate the value of the state

2
v
Measure x(t) v
¥ x(k+2)=A, x(k+1)+B, u(j)
Apply Ugp v
v Jj = T (X(k+2), Xrer (K+2))
X(k+1)=ApX(K)+Bp Ugpt +
v if(J<J)
J=w J= Jj )
Uopt = U(j)
no
Fig. 1 Model Predictive Control strategy for power converters
variables at an arbitrary sampling time k+1 corresponds to,
x(k+1)= A x(k)+B u(k) ®3)

where A, and B, are the state matrices associated with the
discrete model defined as,

A, =1+TA )

B,=TB (5)

Depending on the type of control scheme implemented, u(k)
can be applied indirectly via a modulation stage or directly
applied as a given switching state [4][27]. In this work, the latter
is considered — Fig. 1 -. The input selection is carried out by
evaluating a cost function J,

u(k+1)=min._, ,J (u(s),x(k),xref (k +l)) (6)

Equation (1) is exact if and only if the sampling time tends to
zero and the values of matrices A, and B, are known; in this
case, the prediction will tend to have an error e, (k+1) equal to
zero. If these conditions are not met, there will be prediction
errors that can lead to the selection of inputs that are not optimal
and can cause steady-state error or slower or oscillatory
dynamic responses [32]-[34].

Given that traditional predictive control does not log its prior
inputs, or integral action, it is not possible to correct for this
deviation once steady state is reached. Furthermore, it has been
demonstrated that the control behaves as a high gain [46];
therefore, perfect reference tracking is not guaranteed in a zero
order system. In order to avoid such problems, it is proposed
that an integral action be incorporated into the predictive
control with the aim of absorbing the differences between the
model and the real system and thus obtain zero steady-state
error. The next section will explore how to include said integral
action into the proposed predictive model without requiring
external loops.
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I1l. PROPOSED FINITE-STATE MODEL PREDICTIVE CONTROL
WITH INTEGRAL ACTION

Given the system’s uncertainty,

x(k+1)=A x(k)+B,u" (k) ©)

where X is the error in the estimation of state variables, and
A, and B, correspond to the state matrices with estimation
error. The prediction error is defined as,

e, (k+1)=x(k+1)-%(k+1) 8
or by replacing (3)-(7) in (8),
ep(k+1)=(Ap—Ap)x(k)+Bpuopt(k)ﬂ%pu*(k) 9)

with u*(k) equal to the input chosen by the approximate
system, which is not necessarily equal to that of the exact
system uopt. At least, though, the prediction error is expected to
be zero in the steady state with the aim of preventing steady-
state error. By replacing this condition in (9), the input u*(k) for
which the system will have zero error in steady state is defined
as,

u" (k) =-B, (A, = A, )X, (K)-B'B,uy, (k),  (10)
which can be simplified to,
U™ (K) = Uy (K) + KU, (K), (11)
where,
Ugiier (K) = B (A, = A, )X (K) (12)
and
K=-B,B, (13)

Eg. (11) shows that the input necessary to compensate for the
model changes can be broken down into the sum of the output
of the two controllers, (i) one responsible for compensating for
the model error uUoiser and (i) the other designed to track the
imposed reference uq. Therefore, to maintain a satisfying
dynamic response - characteristic of the predictive control - and
at the same time achieve zero as prediction error in steady state,
it is necessary that the input u* - applied on the model with
uncertainty - be equal to an optimal input (obtained from the
approximate model) plus an offset signal dependent on the
difference between the matrices A, and A, of the exact and
approximate models, respectively. This need for compensation
becomes more evident by replacing (10) in (9), where the
following expression is obtained:

3

e, (k +1)=(AP—AP)(xref(k)-x(k)) (14)
Clearly, (14) shows that the only condition that allows
obtaining zero prediction error is given when the error between
the reference and the controlled variable is null. Indeed, if the
system model has uncertainty, the difference between A, and
Kp is constant and different from zero.

Thus, if Uosset is the input that makes the steady-state prediction
error zero, and the variables Xrer and X are continuous, it can be
shown from (12), that this input can also be expressed as:

(xref (z)—x(z)), (15)

G, 1+z2°
uoffset (Z) = 7I

1
1-z7*

where Ugtiset Will be the result of the discrete integral of the
error between the reference and the controlled variable, where
Gi is a gain that includes the term (A, — &,).

Therefore, it is possible to propose a control strategy in which
a Uopt Signal is obtained from a standard predictive controller,
and a Uofiset Signal generated by a pure integral controller, as
seen in (15).

The output of is strategy is equivalent to the output of the PI
controller in which ugp corresponds to the proportional output

R

Measure x(t)
v
Apply Ugpt
v
X(k+1)=ApX(K)+Bp Ugpt
v
J=ow0
Xref (K) x(k)
v v
Integral Action
uOffSH (k) \ 4
X(k+2)=ApX(k+1)+Bp (U()+Uorsa (K) )

v
Jj= f (x(k+2), Xrer(k+2))
v
if(Jj<J)
J= Jj
Uopt = U(j )

yes

Fig. 2 Diagram of proposed predictive control.
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Fig. 3 Single-phase Z-source inverter. (a) Topology; (b) STS; (c) nSTS.

term and Uosiser t0 the integral output control. A diagram of the
proposed strategy can be seen in Fig. 2.

The optimal input up derived from predictive control can be
(i) continuous, as in the case of deadbeat predictive control
[42][43], or (ii) discrete, as in the case of FS-MPC. In (i) the
output is applied directly via a modulation stage, while in (ii)
the new input Uesser Must be included in a prediction equation
as,

K(k+1)= A X(K)+B, (Uppe +u(s)) (16)

which is evaluated for each possible state s of the converter.
It should be noted that there is no external control loop that
calculates the input Uosset from a slower state variable; rather,
both control actions take place simultaneously in the model, and
they depend only on the error between the reference and the
controlled state variable. Thus, there is no external dynamic that
limits the proposed controller’s response speed.

The next section explores the proposed integral predictive
control strategy’s performance. To that end, a single-phase Z-
source inverter (SP-ZSI) is introduced as the inverter to be
controlled since, from a control point of view, it presents
challenges not found in voltage source or current source
inverters.

IV. MODEL PREDICTIVE CONTROL IN SP-ZSI

A. Single-phase Z-source inverter

This inverter, which is fed by a dc source, consists of two
main parts: the Z-source network (ZSN) and the H-bridge, as
seen in Fig. 3(a). The ZSN corresponds to a non-linear network
since, along with two condensers and two inductors, its

topology requires a diode. This diode allows the ZSN and the
H-bridge to endure a brief shoot-through state (STS), whose
equivalent circuit can be seen in Fig. 3(b). When the inverter is
not in STS, it is in non-shoot-through sate (see Fig. 3(c)), which
is to considered to be two sub-states: the active sub-state, when
power flows from the dc side to the ac side, and the inactive
sub-state, when there is a zero that is not carried out by the STS.

B. Z-source inverter model

Considering the Z-source inverter’s two states, it is possible
to describe the model of the ZSN by first taking into account
the STS state, in which the network diode is not considered to
conduce. This leads to the following equations,

% = Vea a7
d L

di_'—Z = Ve, (18)
dt L,

where i, and i, are the instantaneous currents and the
inductances in the ZSN, respectively, while v, and v, are the
instantaneous voltages and the capacitances in the network,
respectively. L1 and L are the values of the inductances through
which these currents circulate. Taking into account the
dynamics of the ZSN capacitors leads to the following
equations,

Yo i )
dt C,

ave, _ L (20)
dt C,
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where C; and C; are the capacitances submitted to the voltages
Ve and Ve, inthe ZSN. On the other hand, when the nSTS is

considered, the voltage drop of the ZSN diode can be
disregarded, and the current dynamics in the inductances can be
expressed as,

gy 1

= E(vin ~Vey) (21)
di, 1,
0 (Vi —Ve,) (22)

where Vi, is the inverter’s dc supply voltage. Meanwhile, the
capacitor voltages in the nSTS respond to the following
dynamics,

1 .
dt :El(_IPN +IL1)’ (23)
dv 1 .
diz :C_Z(_IPN +|L2)v (24)

where lpy current is a variable that in the nSTS will depend on
the values of the controlled current in the ac load and that in the
STS it will depend on the controlled current and voltage
(respectively) in the inductances and capacitances of the Z-
source network in the dc side. Considering that the behavior of
the currents and the voltages in the ZSN depends on whether it
is operating in STS or nSTS, it is possible to define a condition
variable for STS that represents the state of the network; this
variable is expressed as follows,

1 if STS
= 25
o {o if nSTS @)

If the size of the Z-source network inductances L; and L, and
the capacitances C,; and C, are equal, then the following
equation can be obtained from (17), (18), (20) and (21),

di, _

1
dt L_n ((ZSST _1)an + (1_ SST )Vin) (26)

Likewise, (19), (20), (23) y (24) lead to,

dvg, 1 ..
d_: = C_(an (1_ ZSST)+ IPN (SST _1)) ) (27)
where i;,, is the current in both inductances and v, is the

voltage in both of the Z-source network’s capacitors.

From the discrete model, it is possible to define an average
model and determine the general behavior as a function of an
STS duty cycle, as follows,

di,,
dt

- Li (2d ~Dvg, +(@L—d)V,) (28)

5

and

Ve _ 1 G a-2d)+1,,(d-D)

d C @)

n

In steady state, if the derivatives are considered as zero, it is
found that the voltage gains from the duty cycle can be
expressed as,

G, = Ve _ (=0)
V. (1-2d)

in

(30)

C.Classic FS-MPC in a single-phase Z-source inverter

One possible classic FS-MPC strategy in an SP-ZSI with a
known RL load is that shown in Fig. 4Fig. . Here, based on the
current and voltage prediction models in the components of the
ZSN, a dc cost function is evaluated for the two possible
inverter states, STS and nSTS. This cost function compares the
voltage and current references with their respective predictions.
Once evaluated, the state that minimizes the dc cost function is
selected. In a similar process, the ac-side model predicts the
behavior of the load current, which will depend on the voltage
value Vg The voltage value can be —Vgc, zero or Vgc. The cost
function evaluates the current prediction of each possible value
concerning the reference; that which minimizes the cost
function is selected.

Considering a Euler method discretization of the models
given by (26) and (27) for the dc side of the inverter, it is
possible to express the dc-side prediction equations as,

(D =2 (@i ~Dv, (0 + 0 Ser Vi) +i, (). @)

n

and
Vergn = (0= 256)ies )+ Sir ~Dlen () 416,60, (32)

where in(k+1) are the future inductance currents in the ZSN
that depend on a number of factors: the present measurement of
the current in(k) in any of the inductances, the present
measurement of the voltage in any of the capacitances ven(K),
the value of the supply voltage Vi, and the STS condition
variable (Sst). On the other hand, vcak+1) corresponds to the
future voltage in any of the ZSN capacitors. The prediction
equation (32) also depends on the H-bridge current input Ipn(K),
which can be estimated based on the measurement of the load
current. Furthermore, because the inductance current should be
minimized, the following reference current can be utilized
during STS and nSTS,

i, (k)= (@~ Se)hg, (K)iy,, (K), (33)
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Fig. 4 Classic FCS-MPC in a SP-ZSI.

where hsw(k) can have the values{1,0,-1} and corresponds to
the present switching state of the single-phase H-bridge in the

nSTS, and iacref is the ac-side current reference of the inverter

(load reference).
Considering the reference given in (33), the dc-side cost
function can be expressed as,

Gecgeen =4 i, () =i (K +1)\+/%\ch w0 Ve (k+D), (34)

where i and Ay are the weighting factors that allow the voltage
control in the capacitors to be faster or slower with respect to
the dc inductance currents. Properly selecting the weighting
factors will slow the changes in the capacitors’ voltages to limit
the ZSN inductance currents better.

Finally, to implement the ac current control block, the current
prediction model (i) in the RL load and the cost function (gac)
are expressed, respectively, by the following equations,

. T . .
L (k +l) = f(vac(k) - RIac(k)) L (k) (35)
and

O, (k+1) =

i, (K) =i (k+1)| (36)

with the prediction of the ac- and dc-side variables and the
minimization of both cost functions, it is possible to determine
the switching state that will optimize the reference tracking or
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come closest to the desired values. Nevertheless, it is well
known that this tracking is optimal when the model parameters
are correctly estimated, the weighting factors properly selected
and there is an increased sampling frequency. The higher the
sampling frequency, the more the basic FSC-MPC will be able
to reduce steady-state error. At the same time, however, an
increased sampling frequency will also increase the inverter’s
losses since the maximum switching frequency will be higher.

D.Proposal to eliminate steady-state error in the SP-ZSI.

As demonstrated in section I, it is possible to obtain zero
steady-state error between the imposed reference and the
controlled variable by making the prediction error null. In order
to achieve this, it is necessary to define a new input to the
predictive model, named Uoser, that can compensate for the
difference between the exact and the used model, using a pure
integrator acting on the model and not on the reference as it
happens when external loops are used. Thus, based on (16), a
predictive control strategy with integral action has been
designed to control the dc voltage in the capacitances and, at the
same time, the ac load current in the SP-ZSI output, Fig. 5. The
strategy seeks to eliminate steady-state error caused by a low
switching frequency, errors caused by incorrect estimation of
the parameters and model variables. The integral controller
Uotset IN €ach control loop - described in the previous section -
is redefined as ugc for the dc voltage control loop and u, for the
ac current control loop when is applied to the SP-ZSI. Since the
voltage in the capacitor to be controlled is dc, a pure integrator
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Fig.5. FSC-MPC proposed to eliminate steady-state error.

I can be used to generate the control ug; this integrator,
implemented in the discrete Z domain, can be expressed as

expressed discretely, then the following equation describes the
dc control that will be programmed in the DSP,

TK, 1+2* KT
udc (Z) = STlﬁedc(Z) ’ (37) udc (k) = I2 : (edc (k) _edc (k _l))+udc (k _1) . (39)
where Ts is the sampling period, K; is an integral gain, and  Likewise,
e, (2) is the discrete dc reference error with respect to the
measured dc variable. On the other hand, since a sinusoidal Uo () = KT (K) —eo (K-DK T, cos(er T) + (40)

reference is imposed, a pure resonance R fulfills the integral
action at frequency w, on the ac current loop; this resonance can
be expressed in the Z domain using the impulse invariance
method for its discrete implementation as,

-1
()= KT 1-z7"cos(w,T,)

38
" *1-27"cos(w,T,)+27° (38)

€. (2)

where K; is the resonance gain, a, is the fundamental frequency
on the ac side, and esc (z) is the discrete reference error
concerning the ac measurement. If both (37) and (38) are

2u,, (k —1)cos(w,T,) —u.. (k—2)

corresponds to the ac control that will be programmed in the
DSP. Thus, the new prediction equations (31) - (32) are defined
as,

(D) = 2V, 0-RL 00+, 0D+, 00 @)

and
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Fig. 6 Diagram of experimental set-up implemented in the laboratory.

T, .
Vensy = C_((l_ 2847 )i, (k) +

n

(Ssr =Dy (k) +uy, (K)) +ve, (K)

(42)

where uac(k) and ugc(K) are the resonant control outputs and the
discrete integral, respectively. Meanwhile, the proposed cost
functions are exactly the same as (34) for the dc side and (36)
for the ac side.

The gain of each uoser terms can be designed to ensure that
the dynamics of the predictive controller and the integral
controllers do not overlap (interfere). This way, the time
constants should be at least 5~10 times slower than the
implemented sampling times. In each case, only one gain needs
to be manipulated, so fulfilling this task is simple compared to
the traditional linear methods in which cascade loops are used
to control the dc-side voltage and current [24][25].

V. EXPERIMENTAL RESULTS

In this section, the MPC schemes (standard and proposed)
have been implemented controlling both the dc voltage in the
capacitors and the ac current of an SP-ZSI that is feeding a
slightly inductive load, to demonstrate that the proposed
strategy works correctly. The sampling frequency is just 10kHz,
to make the existence of a steady-state error even more evident.
This low sampling frequency will produce a THD that could be
smaller by merely operating at a higher sampling frequency.
Fig. 6 shows the diagram of the implementation. Here, it can be
seen that a dSPACE MicrolabBox has been used to
simultaneously implement a classic FSC-MPC strategy an

FSC-MPC strategy with the proposed integral action in such a
way that it is possible to alternate between the classic FSC-
MPC and the proposed strategy. An IntA signal enables
alternation between the two strategies from a dSPACE control
console. The parameters of the experimental set-up are given in
Table 1 along with some of the key implementation values.

One issue that is important to highlight is that both predictive
strategies have been tested with a sampling frequency of
20kHz. This frequency is relatively low in an SP-ZSI, which
prevents the variables that are to be controlled by an FSC-MPC
in both dc and ac from reaching the desired values.

TABLE 1

SET-UP PARAMETERS

Variables Description Values
V,, Source Voltage 30[V]
L &L, Z Network Inductors 1.5[mH]
C,&C, Z Network Capacitors 470[uF]
R, Resistance Load 17[Q]
L, Inductor Load 25[mH]
fo Output frequency 50[HZ]
f Sample frequency 20[kHz]
Vit dc voltage steady state reference 65[V]
iacref ac load current steady state reference 2[A]
A Weighting Factor ZSN for Inductor Current 0.15
A, Weighting Factor ZSN for Capacitor Voltage 1.2
Ki Integral Gain for dc voltage control 25
Ky Resonant gain for ac current control 15
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Fig. 9 Dynamic response. Transition from classic predictive control to proposed integral predictive control.

Furthermore, given the RL load parameters in Table 1 and the
sampling frequency, there is a total harmonic distortion (THD)
in the ac load current that is close to 20%.

The first experiment carried out on the prototype was under
the classic FSC-MPC; it was provided with references and
sought to maintain 65[V] in each capacitor and an amplitude of
2[A] in the alternate load current. As can be seen in Fig. 7(a) y
Fig. 7(b), the classic FSC-MPC strategy does not achieve the
proposed objectives since the average dc voltage is around
62.94[V] while the average current amplitude calculated in the
load was 1.72[A]. Therefore, the steady-state error is 3.16[%)]
on the dc side with an average amplitude error of 14[%] on the
ac side. The problem depicted in Fig. 7 implies an error in the
desired power of the system since, if a power control system
were to provide this inverter with these dc voltage references

and ac current references, it would not be able to achieve the
desired values.

The waveforms seen in Fig. 8(a) and Fig. 8(b) demonstrate
that when the FSC-MPC with the integral action proposed in
this work is first tested in steady state in the experimental set-
up, itachieves very precise reference tracking and accomplishes
zero steady-state error in both the dc voltage in the ZSN
condensers and the ac load current in a highly practical way.
Thus, it is demonstrated that the proposed strategy functions
properly in steady state and achieves its objectives.

In order to evaluate the system’s dynamic performance when
the integral mode is activated, an experiment is performed in
which the system starts out with the classic FSC-MPC strategy
(IntA=0 in the diagram in Fig. 6) and then changes to the
integral mode (IntA=1) partway through the acquisition. Fig. 9
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Fig. 10 Dynamic response to a change in the dc voltage reference.

(a) Classic predictive control; (b) Proposed integral predictive control.

shows the voltage and current waveforms along with their
references. Here, it can be seen that the system initially presents
steady-state error for both the dc voltage, whose reference is
65[V] and the ac load current, whose amplitude reference is
2[A]. The integral control is activated partway through the
acquisition (see Fig. 9(a)), and it can be clearly seen that in the
dc control loop, the voltage takes around one cycle to reach the
given reference, eliminating steady-state error. Meanwhile, on
the ac side, the integral action (resonant) takes much less than a
cycle to reduce steady-state error in the load current. If the
harmonic content of the current in the RL load is obtained
(Fig.9(b) classic control and Fig.9(c) proposed control), it is
possible to see that in both cases the frequency values remain
below 10kHz and that despite the fact that a comparison
between Fig. 9(b) Fig. 9(c) would seem to indicate an increase
in the harmonic content when the steady-state error is
eliminated; the harmonic distortion decreases slightly in the
correction from 10.95% to 10%, which is due to the significant
increase in the fundamental value of nearly 14%.

In order to demonstrate that the integral controllers’ actions
(uac and ugc) achieve the objectives without affecting the FSC-
MPC strategy’s dynamic behavior, a test is performed with a
reference change for the dc voltage in the SP-ZSI condensers.
This change is from 60[V] to 70[V] and takes place during the
second acquisition cycle (see Fig. 10(a)). Here, the system’s
response without integral action (IntA=0) is observed, where
the dynamic response takes about one cycle; nevertheless, since

Fig. 11 Dynamic response to a change in the ac load. (a) Classic
predictive control; (b) Proposed integral predictive control.

there is no integral action, the controlled variables (capacitors’
dc voltages and the load current) do no achieve their assigned
references.

Fig. 10(b) shows that in an oscilloscope the same signals as
those in Fig. 10(a) are obtained, but with an added integral
action in the system (that is, doing IntA=1). In this figure, it can
be seen that the system starts with zero steady-state error in both
the dc voltage and the ac current and that when confronted with
a sudden change in the dc voltage reference, the dynamic
response is that of a critically damped system. It is important to
remember that this response adjustment is carried out primarily
with the gain K, of the integral controller ug.. Finally, Fig. 10(b)
shows that the ac current maintains a tracking with zero steady-
state error at all times. The THD of the load currents have been
calculated in steady state for each of the conditions observed in
Fig. 10(a) and Fig. 10(b), concluding that there is minor
distortion when the steady-state error is corrected, which is
principally due to the significant increase in the fundamental
frequency.

Finally, an impact on the load is made in the system via a
change in the ac current reference for both the classic predictive
implementation and the proposed strategy with integral action.
Fig. 11(a) shows the response of the classic predictive system
without integral action under a load change from 50% to 100%.
It can be seen that there is steady-state error independent of the
load condition, though it is greater when the current demand
increases due to the load. On the other hand, in the response of
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the system using integral action on the dc and ac sides, shown
in Fig. 11(b), it can be seen that the load impact occurs during
the second current cycle (from 50 to 100%) achieving correct
reference tracking in both ac and dc with zero error in steady
state. At the time of the current load increase, it is observed that
the dc voltage is slightly affected, reducing the dc value, which
recovers an average of 65V in less than a cycle. This last
waveform demonstrates that the proposed strategy behaves as
intended, eliminating steady-state error in both the dc and ac
sides without negatively impacting the dynamic performance of
the classic predictive strategy.

VI. CONCLUSION

This work proposes a predictive control with an integral
action aimed at eliminating the steady-state error innate to
predictive strategies when confronted with parameter
variations, load condition changes, and low switching
frequencies, among others. The proposed strategy was obtained
based on a mathematical analysis of the prediction error in the
model; this was used to define the input required to compensate
for the deviation of the control variable and its desired
reference. Based on this analysis, it was determined that the
necessary input is made up of two terms, one associated with
the predictive controller, and the other with the model error. The
latter can be compensated by employing just one integral
action, as proposed in this work. The analysis shows that the
structure obtained is similar to that of a P1 controller in an exact
linear system, but here the predictive controller carries out the
proportional action. The resulting strategy relies on only one
loop, and it does not require slower external loops to
compensate for reference deviations. Furthermore, the use of an
integrator or pure resonance provides a degree of independence
for loop tuning, thus making this design simpler than those of
linear cascade strategies.

With the objective of testing the proposed strategy for both
the dc and ac variables, its application in an SP-ZSI converter
was proposed. The experimental results showed a suitable
performance in both steady and dynamic states. When
compared to a classic predictive strategy, it is found that the
proposed strategy is able to compensate for steady-state error in
both ac and dc variables without impacting the dynamic
response. In the experimental tests of the system without the
proposed integral action, it is observed that the dc voltage error
depends on the converter’s ac load condition. This problem
does not occur when the proposed strategy is implemented; it
achieves zero error in the reference tracking for the load
conditions evaluated. Thus, the proposed strategy is a
considerable improvement over the classic algorithm used in
these topologies as it maintains the transient dynamic
characteristics while improving the steady-state performance.
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