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ENHANCED MODEL-FREE PREDICTIVE CONTROL FOR VOLTAGE
SOURCE INVERTERS USING AN ADAPTIVE OBSERVER
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In this paper, a free model predictive control based on the active vector execution time (AVET-MFPC) using an adaptive observer
is proposed for two-level voltage source inverters. The traditional model-free predictive control (MFPC) uses the sampling period
to select one voltage vector for all candidate vectors according to the minimizing cost function principle. With the proposed control,
two vectors are selected at one sampling period. The first vector is an active vector that uses the execution time of the active vector
to select it, while the second one is a zero vector as it is applied after the active vector. The execution time is calculated using the
ultra-local model (ULM) equation. In the traditional MFPC, the factor in the ULM is chosen with approximate values ranging
between +50 % of the nominal value. This paper proposes an adaptive sliding mode observer (ASMO) with an improved design to
observe the variation of this factor, especially in case of mismatch parameters and during a step change in the reference signal.
Combining the proposed ASMO observer and the AVET-MFPC controller gives faster system response, good tracking results,
and less computational burden. Finally, the effectiveness of the proposed control model is approved and confirmed under various

conditions, as well as the simulations carried out and the results obtained.

1. INTRODUCTION

Various control strategies have been developed in recent
years to assist in energy conversion; the predictive control
strategies based on the model are one such strategy for
controlling voltage source inverters (VSIs); the principle of
these strategies is to select the best vector associated with the
minimized cost function [1,2]. To determine the optimal
voltage vector, evaluating all vectors, which amount to eight
switching states for a two-level inverter, is necessary based on a
predictive model [3-5], which requires very precise system
parameters [6,7]. However, if these parameters contain
measurement errors or undergo changes due to varying working
conditions, the performance of MPC can be greatly destroyed.

A recent model-free predictive control (MFPC) concept
has emerged as an alternative solution for parameter
variations in MPC [8]. Within MFPC theory, output
derivatives are directly articulated in terms of the input
through a ULM. In this theory, online identification
techniques must estimate an unknown variable [9]. The
traditional MFPC control uses the sampling period to select
one voltage vector for the all-candidate [10]. This paper
introduces a novel approach termed execution time of active
vector-based free model predictive control (AVET-MFPC)
tailored for two-level inverters. Two vectors are selected at
one sampling period. The first vector is an active vector that
uses the execution time of the active vector to select it, while
the second is a zero vector as it is applied after the active
vector. With the proposed control, there is less
computational burden as it uses only six voltage vectors in
the cost function instead of all eight candidate vectors. The
execution time AVET is calculated using the ULM.

In [11], ULM's extended state observer (ESO) is proposed to
simplify AVET-MFPC. In contrast, it finds that the unknown
function in ULM has a non-linear character. As discussed in [12],
the estimation of the unknown term in the ULM was reached
using a sliding mode observer (SMO). Nevertheless, the
invariance principle needs to be maintained. Fortunately, this

issue can be effectively addressed by using an integral sliding
mode observer (ISMO) [13, 14]. The ULM only depends on the
two signals, the measured currents and voltage vectors of the
system. However, the coefficient multiplied by the input of ULM
is related to the system parameters. It is proved in [15, 16] that the
factor is chosen with approximate values ranging between +50 %
of the nominal value of the system. This paper proposes an
adaptive ISMO observer (AISMO) to observe the unknown
function and factor variation in ULM, where this factor is
dependent on error current. The factor changes as the current error
changes, especially during the initial state and variation load,
which leads to a faster response and reduces the resulting current
ripple and lower harmonics.

Therefore, this paper deals with the following aspects:
section 2 provides a brief overview of the system under study
and focuses on the problems of conventional controllers.
Section 3 describes details of the proposed AVET-MFPC
adaptive controller with AISMO observer to improve the
performance system. Section 4 presents the simulation results of
the proposed strategy. Finally, section 5 concludes this work.

2. PROBLEM FORMULATION
2.1. PREDICTION MODEL

From Fig. 1, the inverter 2L-VSI has three legs, each
containing two switches. The two-level inverter is coupled to
an RLE load.
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Fig. 1 — Schematic diagram of a 2L-VSI power circuit connected to RLE
load for Conventional MFPC.
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The connection can simulate a grid-tied PV power
generation system [17, 18].

The mathematical representation of the connection is as
follows:
v, =Ri, + LS+ E . 1)

The dynamics of equation (1) can be written in the fixed
reference frame a-P using the Clark transformation as:

die 1 .
% = 7("71'0( - Riyy — Ea) ) 2

%=%(WB — Riyg — Ep), ®)

where (viq, vig) and (i, 1) are the voltage vector and load

current vector components, respectively, in the a-p frame.
The output currents prediction can be formulated using

first-order Euler approximation as follows [19]:
it U + 1) = = (= Rigg (k) — Eq (k) + vy (K)) + iz (), (4)

ing (k + 1) = = (=Rijg (k) — Eg(k) + vig (k) ) + g (k). (5)

The predictive control based on MPC utilizes a
mathematical model to predict the future of the output
current. Nevertheless, this approach encounters several types
of uncertainty, including parameter mismatch. To address
the issue of model uncertainty, this paper employs the ULM.

2.2. ULTRA-LOCAL MODEL

To simplify the complexity associated with mathematical
models, the concept of an ultra-local model has been
incorporated into model-free predictive control theory. The
ULM model is defined as [11]:

y=F +Au, (6)
where y and u are the output and input signals for ULM
model, respectively, A denotes the input coefficient. In this
context, F is defined as the unknown terms; it consists of the
all-diverse type of uncertainty. Generally, a common
strategy with MFPC for the online estimation of F is the
algebraic identification technique [20].

2.3. MFPC CONTROLLER

Substituting the dynamic equation of system (2) and (3)
into the ULM model, the first-order ULM of system can be
written as in [21]:

di
8 = Fy + Wi, ©)
F = FB + 7\171'8. (8)

From (7) and (8), the structure of ULM is independent
parameters of model. Also, F, g are time-varying unknown
functions. In MFPC, the F, g undergoes continuous updates
that are determined by utilizing input and output
measurements as shown in Fig. 1. According to (7), (8), the
derivative current (during sampling period T can be expressed

using first-order Euler approximation of discrete signal as:

di ij(k+1)—i;(k)
d_tl =~ % = Fa'B + )\ULA. (9)

The current prediction at (k + 1) can be written as:
Tap(k + 1) =T (k) + T (Fp +20;4).  (10)
The current references utilized in the cost functions are
derived at (k+1). It can be estimated using the second order

formula of the Lagrange extrapolation as follows:

ix(k+1) =3ii(k) —3ig(k—1) +3iz(k—2), (11)
gk +1) = 3ig(k) — 3iglk — 1) + 3ig(k — 2). (12)
The cost function of the MFPC can be writing to obtain
optimal vector among the eight feasible ones with a 2-level
VSI [1], which directly compares between the reference

vector and candidate vector as:
Glicrs = abs(ig — iy (k + 1)) + abs (i — iig(k + 1)) (13)
From the expression of cost function in (13), the
traditional MFPC control uses the sampling period to select
one voltage vector from the all-candidate.

Moreover, the algebraic identification technique is an online
estimation approach [22] and it was used to estimate F(a,f) in
real-time [23]. However, conventional MFPC uses complex
techniques and more burden-time consuming or classic ISMO
observer to estimate the unknown part. In this paper, an adaptive
observer AISMO is proposed to estimate the unknown function
and observe the variation of the factor in ULM.

3. PROPOSED CONTROL AVET-MFPC WITH
AISMO

To improve control performance in terms of reducing the
output current ripple signal, reducing the distortion rate, fast
response and the robustness of the control in case parameter
mismatch. This paper proposed AVET-MFPC with an
observer AISMO.

3.1. AVET-MFPC CONTROL

With the proposed control, two vectors are selected at first
vector is an active vector that uses the execution time of the
active vector to select it, while the second is a zero vector as
it is applied after the active vector. The active vector is
executed at a one sampling period.

The certain time (ta), and the zero vectors is enabled at the
remaining time (tz) of the period to mitigate the changing
direction. Thus, a sample period is split up as:

T, =ty +t,. (14)

Therefore, the one period is spilt into t(k) to t(k + ta) and
t(k + ta) to t(k + 1), as shown in Fig. 2.

At t(k+ta), the current predictions T, 5(k + t4) are
obtained by directly applying the six feasible vectors
(U1 .a11..6)- All other six vectors are shown in Table 1.
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Fig. 2 — Conventional MFPC and proposed AVET-MFPC in one sampling
period: a) conventional MFPC; b) AVET- MFPC

Table 1
Six feasible active voltage vectors.
Vi,a U1 V2 V3 Vs Vs Ve
S; 100 110 010 011 001 101

According to (7), (8), the derivative current during t, can
be expressed using first-order Euler approximation of
discrete signal [19] a:

dip  i(k+ta)—i(k) _

at =~ ta = Fa’B + }\vi,A' (15)
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The current prediction at (k + t,) write as:

Tap(k + ta) = fap(k) + ta (Fup + 5,4)  (16)

As shown in Fig. 1, the predicted current at (k + 1) can be
obtained by directly applying the zero vectors

(17;‘|7 org) betweent=(k +ta) and t = (k + 1) as:

-

Zla,ﬁ(k + 1) = ilaoc,B(k + tA) + itz (Fa,B + Aﬁi,AW or 8)

2

Tk + 1) = Tk + ) + t, (FM3 +A- 0)

Tap(k + 1) = T gk + ) + t,Fup. (17)

3.2. ACTIVE VECTOR EXECUTION TIME

CALCULATION

Combining eq. (16) and (17), one can obtain the execution
time of the active vector. The predicted current in (k+1) can
be expressed as

Tap(k + 1) = T_qup(k + ta) + t,Fop =
= fzoc,ﬁ(k) +ty (Fja,s + 7\171',A|1,..6) + tzﬁa,ﬁ , (18)
wheret, =T, — t, and
Tap Uk + 1) =T (0) + o (Fug + Miaps.e) +

+(Ts — ta)Fup.
After simplifying,

Uop(k + 1) = g g(k) + taAVi 4116 + TsFup. (19)

From (19), the execution time of the active vector can be
expressed as:
T, g (k+ D) ~110,3 () ~TsFo g
)‘ﬁi,A|1,..6 ' (20)
Theoretically, by applying two vectors in one period, an
active vector at time ta and a zero vector at tz, the output
current follows the reference at the time (k + 1) with nearly
zero-state errors, so

tA=

L (k+1) =iy,

ik +1) = i3, (21)

Finally, the execution time expression (21) can be
rewritten as follows:

_ ia,ﬁ_ila,ﬁ(k)—Tsta,B
tA -

(22)

Aial,.6

From (11), (12), and (19), the cost function of the proposed
technique can be rewritten to deduce the optimal vector
(k + 1) for the six possible active vectors:

Glizyie = abs(i — 1o (k + 1)) + abs (i — ig(k + 1)). (23)

Figure 3 displays the proposed AVET-MFPC control.
First, the system's output currents and voltages are measured.
Second, the unknown function and the A factor are estimated
using AISMO. This step ensures the optimal value of A.

In the third step, the execution time of the active vector is
calculated using six possible voltage vectors through equation
(22). After that, the prediction current and cost function can be
obtained according to eq. (19) and (23). Finally, optimal
voltages are selected. Then, control [24], as shown in Fig. 3.
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Cost

ik +1)
ihﬂ(k +1) using ULM|

Fig. 3 — Bloc diagram for the proposed control AVET-MFPC.

3.3. MFPC WITH ADAPTIVE ISMO OBSERVER

As presented in [15, 18], the classic design of integral
sliding mode observer (ISMO) has been utilized to estimate
the unknown function of ULM for the conventional MFPC.
This paper proposes an adaptive observer AISMO to observe
the unknown function and factor variation in ULM where
this factor is dependent on error current. The factor changes
as the current error changes, and the proposed observer
AISMO is designed as follows:

e =1 — 10

di; =~ f

E = Fi + AVI +u,

dp;
dat
2= —s(5,0- 1) -

de

=e; +K; fot atan(e;) dr, (24)

83lef | )
14+min(8,4,P)/’
where e; is the tracking error, which is the result of the
difference between the given desired output {; (the estimated
current) and the actual output i; (the actual current) [17]. The
coefficients of ISMO, K; should be chosen as positive values.
To calculate the evaluation of A, the error e/ (i.e., e/ =i* —
i;) is used, where i* is the reference of the current. The
function P(t) represents the power of the output observation

error; the following equation gives it:

1

t *
p= ;fmax (o,t—T)lei |?dt. (25)

As demonstrated in (24), it is composed of four
meticulously selected parameters, namely §,,8,, 65 and 8, .
On the other hand, the parameter 65 can be assigned high
values, primarily intended to saturate the integral term of P.

The design of Ain (24) allows the observer gain to take
high values, which leads to the paths of the proposed
observer converging exponentially and quickly to the
trajectory of the system. As a result, the observation error
quickly disappears, after which the values of A decrease to
the predetermined value.

3.4. DESIGN OF THE ISMO

The design of the ISMO observer comprises two phases.
The first one involves selecting the surface. The control law
is formulated in the second phase to ensure that the system
tracks converge with the sliding surfaces within a specified
time and remain on them. In this paper, the current
components are chosen as control variables; note that the
integrated sliding mode function for i, and ig in the rotating
frame is expressed as follows:

Sap = €ap + Kiog f; atan(eqg) dt . (26)

From the principle of Lyapunov criterion, it can determine
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the input signal u’ in (24), and they can be calculated by
using the following steps.

To fulfill the stability criterionV;, <0, a Lyapunov
function V' is defined and chosen as follows:

1 [55 + éfza]

v=-|, 1. (@7)
ZSB"'efB

where ér, and ésg are the errors can be defined as: ef, =
Fy — F, and egg = F3 — Fg, then, this Fy and Fj; are the best
estimation of F, and F respectively. The derivative of (27)
can be defined as:

-l

The calculation of ¥, proceeding by using (26) and (28) as

Saga_ﬁ‘a(F(; _ﬁcx)

A d I Y.
SpSp — Fa(Fg — Fp)

V, = Suby + SuKiqatan(e,) — Fu(Fy — £, (29)

where e, = i}, — i, the derivation is used to calculate V,

; dijg  dijg P
Vi = So (52 — ) 4 5, Kyeatan(e) —F, (Fy = R.). (30)

di di
Sl gpd Sl g
dt

By putting the expression of "
Vi = Sa(Fu + Wyq = By = Wi —ug) +
+SoKiqatan(ey) — B (F; — ).
After simplifying, .
Vi = So(Fy — By) — Squly + SoeKiqatan(ey) — Fo(Fy — Fy).(32)
We add and subtract the function Fy in the first part of (32)
and at the same time, substitute ﬁa by Syas in (26).
Therefore, (32) turns to:
V, = Sq (efa —u, + Kiaatan(ea)). (33)
AssuMIng ermqy is the upper bound of e, i.e., |esy| <

emax. The integral sliding mode input signal u;, is chosen as
follows:

Uy = l‘;—zlefmax + K atan(e,) + Snqatan(Sy). (34)

Finally, from (33) and (34), V, can be rewritten as:

(31)

ch = SO(efO( - Isotlefmax - Sandatan(sa)- (35)
Since —Synqatan(S,) is always negative and S,er<
|Sel€fmax, @ shown in the previous equations, the derivation
of the Lyapunov function is negative, and the stability
conditions in eq. (35) ensure that the designed observer is
stable. The expression w; can be derived by
Isgl
Sp

up €rmax + Kipatan(eg) + Sngatan(Sg). (36)
3. SIMULATION RESULTS

To evaluate the performance and robustness of the
conventional MFPC and proposed AVET-MFPC control, the
system parameters utilized in this paper are detailed in Table 2.

Table 2
Simulation parameters

simulation detail Type and parameters of the system
Inductance value L=12mH
Resistance value R=15Q
sampling time Ts 100 ps
Reference frequency 50 Hz
DC-link voltage 80V

Using an adaptive observer, simulations were
implemented in MATLAB software to validate the proposed
AVET-MFPC effect. The simulation duration was
configured to 0.15 s, maintaining a constant reference
frequency of 50 Hz with a maximum value of current equal
to 3 A, as shown in Fig. 4.

The simulation results indicate that the proposed AVET-
MFPC exhibits superior steady-state performance under
accurate parameter settings compared to the conventional
MFPC. Total Harmonic Distortion (THD) for conventional
MFPC is approximately 1.55 %, whereas for the proposed
control, it is around 0.82 %.

To assess the dynamic performance of both methods, the
reference current was increased from 1 A to 3 A at 0.165s,
as depicted in Fig. 5. Figure 5a shows the system's dynamic
tracking capability using a conventional controller with a
slow system transition (1.3 ms) compared to the fast
performance of the system using the proposed controller
AVET-MFPC (2.8 ms), as shown in Fig. 5b. This fast
transition with the proposed controller is due to using an
adaptive observer to reduce the error between the two
currents.
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Fig. 4 — Performance of the proposed conventional model-free controller
under a peak current reference of 2 A:
a) MFPC; b) AVET-MFPC.

Both controllers effectively track the reference current
thereafter. A sensitivity test to the load parameter mismatch
was conducted to demonstrate the performance of the
AVET-MFPC controller supported by the adaptive observer.
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Fig. 5 — Tracking the performance of the conventional and proposed
controller during a step-change in the reference current from 1 Ato 3 A:
a) MFPC; b) AVET-MFPC.

Figure 6 shows that when the inductance value is changed
from L to —30 % L at 0.15 s, the tracking error between the
reference and the measured currents increases noticeably
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when using the traditional strategy compared to the proposed
control. The advantage of the proposed method is that it
adapts the factor A with the AISMO observer in case of
mismatch parameters.

4.1. EVALUATE OF FACTOR A

The input coefficient in the proposed control method,
factor A, is typically considered a nonphysical constant and
is often determined through a trial-and-error process.
However, in [22], the authors suggested selecting o within
the range of + 50 % of the classical model input coefficient.
The output current and the variation of factor A are displayed
in Fig. 7, providing insight into the performance and
accuracy of the proposed adaptive observer with MFPC. To
evaluate the performance of the Adaptive Observer
(AISMO) interconnected with the proposed controller, the
reference current is increased from 1 to 3 A, as shown in
Fig. 7a, and the second test during the parameter mismatch
at 0.15 s is presented in Fig. 7b.

N
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Fig. 6 — Simulation results with variation load: a) the conventional MFPC;
b) AVET-MFPC.

Figure 7a presents the dynamic of the factor A, where it
takes on high values when there are convergence errors
between the reference and measured currents, especially at
the initialization of the tracking, and when the reference
currentincreased from 1to 3 A at 0.16 s, which leads to faster
and better convergence time. After that, the value of A
decreases to a predetermined constant value: nominal value.

From Fig. 7b, a sensitivity test to the load parameter
mismatch was conducted to demonstrate the performance of
the AVET-MFPC controller supported by the adaptive

observer.
u /f d” s fﬁfl\ uw\w |
~ \ |
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Fig. 7 — Results of A factor evaluation using adaptive AISMO for AVET-
MFPC: a) increased from 1 to 3 A; b) parameter mismatch at 0.15 s.

4.2. SENSITIVITY ANALYSIS
Parameter mismatch testing was conducted in this section

to assess the performance and robustness of the AVET-
MFPC proposal.

Figure 8 compares results among three methods: FS-MPC,
MFPC, and AVET-MFPC under inductance mismatch by
conducting inductance changes ranging from —60 % to + 60 %
from nominal inductance. Figure 8 illustrates the test
outcomes, which reveal that THDs are impacted by changes
in inductance levels for two FS-MPC and MFPC controllers.
AVET-MFPC produces output current with a lower THD as
its value decreases to 0.82 % when the nominal value of the
inductance and THD of 1.13 % with a positive inductance
mismatch of 33 mH. The proposed strategy AVET-MFPC
showed less impact when there was a mismatch in the
inductance value, which showed very good performance
compared to the two other strategies.

6 —8—F5-MPC MFPC AVET-MFPC
X 4
g 2 __J.—_-ﬂ—.—.
= - —m
0
6 9 12 15 18 21 24 27 30 33

Inductance variantion (mH)

Fig. 8 — Sensitivity of the three techniques FS-MPC, MFPC, and AVET-
MFPC to inductance variation.

4.3 PERFORMANCE COMPARISON OF THREE
STRATEGIES

Table 3 illustrates a comparison between the three strategies:
MPC, MFPC, and AVET-MFPC. AVET-MFPC shows better
and faster dynamic tracking performance and complete
independence from system parameters. Moreover, the proposed
control shows robustness against parameter mismatch.

Table 3
Comparison of three controllers
. System Robustness to
. Dynamic
Strategies parameters parameter
performance -

needed mismatch

FS-MPC Good R, L Poor

MFPC Good a~1/, Good

AVET- Not

MEPC Very Good required Very Good

5. CONCLUSION

This paper improves free model predictive control by using
an adaptive observer. Our approach relies only on the current
and voltage of the controlled system and does not require any
parameter of the controlled system. To reduce the ripple of the
output current, a control technique was used that relies on two
vectors, one active and the other zero, during one sampling
period. The proposed technique is based on calculating the
execution time of the active vector. On the other hand, an
adaptive observer was used to get faster response and
robustness control in cases of parameter mismatch.

Simulation results confirm better performance compared
to conventional MFPC while testing different conditions.
Hence, the proposed control has better static and dynamic
performances, guaranteeing that the control performance is
not affected by parameter mismatch.

The proposed control model can be exploited in systems
with complex models, such as motor control or pumping
water through photovoltaic systems.

Received on 9 July 2023
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