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Autotuning Technique for the Cost Function
Weight Factors in Model Predictive Control
for Power Electronic Interfaces
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Abstract—This paper presents an autotuning technique for
the online selection of the cost function weight factors in model
predictive control (MPC). The weight factors in the cost function
with multiple control objectives directly affect the performance
and robustness of the MPC. The proposed method in this paper
determines the optimum weight factors of the cost function for
each sampling time; the optimization of the weight factors is
done based on the prediction of the absolute tracking error
of the control objectives and the corresponding constraints.
The proposed method eliminates the need of the trial-and-
error approach to determine a fixed weight factor in the cost
function. The application considered is a capacitor-less static
synchronous compensator based on the MPC of a direct matrix
converter. This technique compensates lagging power factor loads
using inductive energy storage elements instead of electrolytic
capacitors. The result demonstrates that the proposed autotuning
approach of cost function weights makes the control algorithm
robust to parameter variation and other uncertainties in the
system. The proposed capacitor-less reactive power compensator
based on the autotuned MPC cost function weight factor is
verified experimentally.

Index Terms— Autotuned weight factors, capacitor-less static
synchronous compensator (STATCOM), model predictive con-
trol (MPC), reactive power compensation.

I. INTRODUCTION

HE application of model predictive control (MPC) to

power electronic converters dates back to the 1980s for
high-power applications, but with low switching frequency
due to slow speed processors which limits the control loop
frequency [1], [2]. Due to this limitation, widespread adoption
of MPC was not feasible and practical at that time. Past decade
saw the massive improvements in high-speed microprocessors
which renewed the interest in the application of MPC to power
electronics requiring higher switching frequencies [3]-[6].
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One of the main advantages of MPC over the conventional
multiloop controllers is its ability to include several con-
trol variables with different characteristics such as voltage,
current, torque, and switching frequency into a single cost
function or single loop which eliminates the designing and
tuning of nested loops [7], [8].

Weight factors in the cost function can accommodate dif-
ferent units and scales as well as allow the prioritization of
specific control variable over others by appropriately chossing
the ratio of the weight factors of the variables. However,
selection of these weight factors is not straightforward [2]
and requires trial-and-error approximation. Several empirical
approaches to determine a fixed weight factor using trial
and error have been investigated in [9]. However, a fixed
weight factor is not robust to parameter variation and other
uncertainties of the system [10].

One of the major challenges while designing the model
predictive controller in the multiobjective control system is to
appropriately tune the respective weight factors to achieve the
control objectives within the desired performance constraint.
This can be cumbersome and even lead to the instability
of the whole controller if the weight factors are not chosen
properly. Nowadays, autotuning methods for MPC have been
under study to decrease the burden of designing the controller
and to ensure the robust operation by automatically assigning
weight factors. The autotuning of the weight factors in MPC
for power electronic converters is a new topic of study;
however, few methods on tuning of MPC for application in
other fields have been reported in the literature. Garriga and
Soroush [11] discussed various tuning methods for MPC in
chemical engineering applications. The work proposed in [12]
introduced the particle swarm optimization method to tune the
MPC. This can be a very computationally heavy approach and
limit the high bandwidth requirement of the power electronic
converters thus overshadowing one of the main advantages of
MPC. Liu and Wang [13] introduced an autotuning method
based on the convergence of differential of the objectives
and the trust region algorithm to change the controller radius
which is defined by the weight factors. The algorithm is not
as computationally heavy but becomes very complex as the
number of objectives increases and depends on solving the
quadratic equations of the model.

This paper presents a technique to select optimal values
for the weight factors in the MPC cost function for each
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Fig. 1. Capacitor-less VAR compensator employing an MC for the lagging load.

iteration of the MPC loop for power electronic converters.
The online optimal selection of the weight factors is robust
and is shown to improve the performance of the system when
compared to the conventional fixed-value weight factor for
MPC. The proposed approach is verified by its application to
a capacitor-less static synchronous compensator (STATCOM)
technique that uses only inductors combined with an MPC
matrix converter (MC) [10], [14].

Reactive power compensation techniques can broadly be
classified as passive and active. Passive techniques gener-
ally employ large capacitor banks which can be discretely
switched individually or in a group to control reactive power.
This discrete variation does not allow the precise control of
reactive power control and results in over/under compensa-
tion in most cases. This can be eliminated by using active
methods which employs power electronic interfaces (PEIs)
employing semiconductor devices which switches capacitors
at high frequency compared to utility to precisely compensate
for reactive power among which STATCOM has been widely
studied and developed due to its flexible operation [15], [16].

Capacitors are one of the most vulnerable components to fail
in power electronic systems [17] and have reliability problems
due to their aging characteristics [18]. The associated failure
modes including increased leakage currents and other effects
from the loss of electrolyte that increases losses and hasten
further degradation leading to open-circuit or short-circuit
failure modes [19]-[24] with the most frequent failure types
listed in [25]. Yet due to the high energy density, low cost, and
suitable voltage rating of dc electrolytic capacitors (e-caps),
they are widely used in power electronic converters for volt-
ampere reactive (VAR) compensation even though approxi-
mately 60% of power electronic devices failures are due to
the use of aluminum e-caps [26]. The voltage-source inverter-

based STATCOM which uses e-caps is vulnerable to this high-
rate failure mode [10]. Thus, to ensure long service life and
reliability, capacitors need to be replaced periodically and
requires health monitoring equipments/techniques [26]—[28]
which adds additional cost and complexity to the system.

The VAR compensation technique in this paper does not

employ energy storage capacitors; instead, the topology uses
inductors to compensate VAR. Inductors are known to be
robust and reliable elements with long service life compared
to capacitors, but unlike capacitors, they consume reactive
power making it impossible to use them directly as reactive
power compensators. The application employed in this paper
interfaces a 3 x 3 direct MC (DMC) to the inductor bank,
which is controlled by MPC with the autotuning weight factor
approach to operate it as STATCOM. The general schematic
with the control overview of the proposed system is illustrated
in Fig. 1. DMC has a unique property of phase inversion
between its input and output ports which can basically reflect
the inductor as a capacitor to the grid thus allowing reactive
power compensation [29]. By using the property of current
phase reversal of DMC, the converter provides leading currents
to the ac network while the inductor absorbs lagging current
at the output side of the converter. As a result, a STATCOM
can be derived without using energy storage e-caps by the MC
appropriately controlled by MPC. Also, the proposed solution
is more reliable and robust and provides long service life
of the system. The main contributions of this paper can be
summarized as follows.

1) Eliminating the need of the trial-and-error approach to
determine a fixed weight factor in the cost function of
MPC.

2) Development of an MPC approach for PEIs robust to
model parameter variation.
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3) Verification of guaranteed stable operation of the pro-
posed MPC method with autotuned weight factors.

4) Peformance verfication of a STATCOM with long ser-
vice life by eliminating the need of e-cap energy devices
and robust to disturbances in the system by autotuning
the weight factors.

5) Improvement of the grid-side power quality, i.e., grid
current compared to the conventional MPC method
with the fixed weight factor method. In particular, for
the considered application, model parameter error has
lower effect on the performance of the proposed MPC
and meets IEEE-519 [30], [31] total harmonic distor-
tion (THD) standards with high disturbance rejection.

II. PRINCIPLE OF MODEL PREDICTIVE CONTROL

With the rapid advancement of microprocessor technologies
in last couple of decades, MPC is becoming more reliable and
efficient in power electronic applications [3], [32]-[35]. The
main characteristic of MPC is predicting the future behavior
of the desired control variables [2], [3] until a specific time in
horizon. The predicted control variables will be used to obtain
the optimal switching state by minimizing a cost function. The
discrete-time model of the control variables will be used for
prediction, which can be presented as the state space model
as follows [2]:

x(k+1) = Ax(k) + Bu(k) (D
y(k) = Cx(k). )

Then, a cost function that takes into consideration the future
states, references, and actuations can be defined [2], as a
general cost function definition is given by

k+N

g(x(k), u(k)) = D Ax(l), u(0)). 3)

=k

The defined cost function g is the sum of the weighed
objective function over the finite horizon of N time steps.
The cost function uses x (k) and a sequence of manipulated
variables as aruguments

u(k) = [’ (k) u” (k+1) ' k+ M1 @

The future states and control objectives can be predicted for
penalizing in the cost function (3) by using x(k), argument
given in (4), and the system dynamic model.

The implementation of MPC for power electronic converters
is illustrated in Fig. 2. In this block diagram, measured
variable X;(k), wherei € (1,...,n) and i € N, is used along
with the discrete model of the converter to estimate predictions
Yi(k + 1) = f(X,t) using measured variables for all of the
P possible switching states (plants), where P € {1...P}.
These predictions are then evaluated using a cost function
which compares them to the reference values Y;(k), where i €
(1,...,n) and i € N by considering the design constraints.
Finally, the optimal actuation S is selected and applied to the
converter. The general form of the cost function g for reference
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Fig. 2. MPC implementation for power electronic converters.

tracking subject to minimization can be formulated as
n
g =2 (W|¥j&+1) =YK
j=1
s.t. x(k+ 1) = Ax (k) + Bu(k)
y(k) = Cx(k) + Du(k) )

where 4; is the value or weight factor for each objective and
j € {1...n} for n control objectives.

The implementation of the modified MPC algorithm with
autotuning of the weight factors of the cost function is illus-
trated in Fig. 1 and explained in Fig. 4 using flowchart. In the
proposed approach, an inner loop is added before the final opti-
mization of the cost function for the purpose of online optimal
selection of the weight factors at each sampling time. The cost
functions g1, g2, . . ., g» corresponding to individual objectives
of the controller and are converted to a per-unit system.
By evaluating the magnitude of these cost functions separately,
their weight factors will be optimally selected to meet the
predefined constraints. Finally, the general cost function (5)
subject to minimization will be constructed. A more detailed
explanation of the algorithm for the autotuning approach of
the weight factors will be presented in Section IV.

The schematic of the proposed autotuning MPC control is
comprehensive and can be applied to any PEI with multiple
control objectives. Fig. 3 shows the generalized control dia-
gram of the proposed autotuning MPC for power electronic
converter. The block diagram is shown for a power converter
with “P” plant models each having “n” number of objectives
to be met by MPC. The error tolerance ¢ denotes a small
acceptable error in the control objectives and A denotes the
small value of the weight factor which is increased in integral
steps as shown in Fig. 4. In this paper, the considered case
study is a 3 x 3 DMC and inductive load with STATCOM
functionality.

III. GROUND WORK: PREDICTIVE MODEL
FORMULATION OF THE STATCOM

A. System Description

The VAR compensator system illustrated in Fig. 1 consists
of three-phase ac grid, an inductor bank used for compensa-
tion, a 3 x 3 DMC, an interface filter between utility and DMC,
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: o V..o, 18/:; q\s/“re(k) - | Wwhile currents drawn by the MC including the filter from the
| | network are i;1, i;2, and i;3. The currents at the filter—DMC
| | interface are i.1, i.2, and i.3, while the currents drawn by the
| I choke from the MC are given by i,1, ip2, and i,3.
I [ , o7 I E<e=>4=0 : The working principle of MC has been explained in detail
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| l | connected to the same input phases.
[ Apply switchi 1 | .
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| ¢ | The 3 x 3 DMC topology for VAR compensator is shown
[ I in Fig. 1. The detailed proof of the current phase reversal is
[ I

Fig. 4. MPC algorithm of the MC for VAR compensation with dynamic
weight factor selection.

and an inductive load as a reactive load to be compensated
by DMC-based STATCOM. The reactive power compensator
consists of the inductors Lyic connected to the ac network
through a 3 x 3 MC. The line-neutral voltages at the point
of common coupling (PCC) of the MC are denoted by

expalined in [10] and is explained here briefly. The DMC can
be mathematically modeled using transfer function as

Vol,LM Vil,LN
VoM | =H X | vio N
Vo3,LM Vi3, LN
where
Hy H, Hj
H=H"=| H, H; H |. (6)
Hy H, H
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H is known as a modulation matrix or instantaneous transfer
matrix. For a lossless system, the instantaneous output and
input power of DMC should always be equal. Using Kirchoff’s
current law, the relationship between input and output currents
can be given as

i1 iol
in | = HT x i |. 7
ii3 i03
Taking particular modulation function H comprised three
single-phase functions Hj, Hp, and H3z from [29] as

. 1 & B 2k — Hz
k=III,kz,3 =3 (1 +2 ( V. ) cos (2a)t — )) . (8)

The line voltage of a three-phase utility can be represented
as

VSELN = Vik N = V2 X ViNms cos(ot —2(k — 1)z /3).  (9)
k=123

Applying H matrix from (6) and (8) to compensator
in Fig. 1 will result in three-phase MC output voltages can
be given by [29]

1%
=2 x 7" X ViNams cos(ot — 2(k — Dz /3).  (10)

Vok,L
2,3 i

k=1,
For a balanced system, the magnitude of the current for each
phase will be identical. Thus, the currents can be represented
in the Euler phasor form as follows:
io1 = Re{v/2 x |I,| x e/ @ ~7/2

= Re{v2 x |I,|e!™ x e~ I7/?) (11)
where |1,| = ((V,/Vi)) x (VLN.ms/@Lwmc), the phasor repre-
sentation of the output current can be written as

Iy = || L — /2. (12)

Similarly, input current ;1 can also be expressed as a phasor
form as

ii1 = Re{+v/2 x |I;] x e/ @17/2)}
= Re{v2 x [/ x e7/2) (13)

where | 1i] = ((Vo/Vi))* X (Vinms/@Lyc) = (Vo/ Vi) X |1ol,
and input current phasor can be represented by

\%
I = (Vj) || L7 /2

Thus, from (12) and (14), the MC input current of each
phase leads the corresponding output current by .

(14)

C. Input Filter Modeling

The conventional LC filter is used as shown in Fig. 1 with
Ry as a loss resistance. Input filter is required between
MC and ac source to eliminate the high-order harmon-
ics [29], [36], [37]. Input filter may introduce an additional
phase shift in voltage, but without loss of generality, it can be
assumed that the filter resonances are well damped in properly
designed filter and the phase shift will be compensated by the
model predictive controller. The detailed modeling of the input
filter have been adopted from [10].
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For the filter—grid interface, the discrete-time input current
is

ii(k+1)=AQ, DV.(k)+ A'(2,2)i; (k)

+ B'(2, 1)Viin(k) + B'(2,2)i.(k)  (15)
with coefficients matrices as
T
A =eATs, B :/ SeA(Tsff)Bdr. (16)
0

D. Controller Design

A load model needs to be obtained in order to predict the
value of the load current at the next step sampling interval
for all 27 possible switching states. The inductive load at the
output side of the MC can be represented as

dio (1)
dt

where Lyc is the inductance and Ry is the inductor resistance.
Using the Euler forward method, the derivative in (17) is
approximated using (20) and (21)

dig(t) otk +1) —io(k)
dt Ts

y T
iok+1) = ————— k
ik 1) = e (vt +

where T is the sampling period.

Equation (19) estimates the value of the output current of
MC for the next sampling interval (k 4 1) and the correspond-
ing voltage v, 1M, which is calculated for the 27 possible
switching states of the MC. Control of reactive power and
the output current are the control objectives for the MPC in
this paper. The reactive power can be determined by

Q(t) = Im{v;n(t) x i; (1)} (20

where i; (1) is the complex conjugate of i; (¢). The current phase
reversal property of the MC indicates that i;(¢) and i,(t) are
out of phase; thus, the reactive power can be predicted by
using

MC =vo,LM(t) — Rpiy(1) (17)

(18)

L Cio(k)) (19)

M
Ts

Ok + 1) = Im{viin(k + 1) x i; (k + 1)}
= viLNpk + Dijg(k 4+ 1)
—ViLN,o (k 4+ Dijp(k + 1) (2D

where o and f correspond to the real and imaginary compo-
nents of the associated vector. The value of v; 1 n(k + 1) can
be approximated to be v;1n(k) because the line voltages are
low-frequency signals compared to the switching frequency.
By keeping in mind the current phase reversal property of
the MC and (19), i;(¢r) can be calculated [14]. The control
objectives of the MPC cost function are the input reactive
power of the MC (at the PCC of utility grid, load, and DMC)
and the current in the inductive load of DMC. The inductive
load current is controlled to minimize the THD of the grid
current. From (5), (19), and (21), the cost function g can is
formulated as

g = Ailiapk+1) =i} 5l + 22| Ok + 1) — Q" (k)| (22)

where the asterisk indicated the reference value and the tilde
indicated the predicted value to regulate input reactive power
and current into the inductive load.
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IV. AUTOTUNING OF WEIGHT FACTORS
AND STABILITY ANALYSIS

A. Autotuning Algorithm

This section presents an autotuning technique for the online
selection of the cost function weight factors in MPC. The
weight factors in the cost function with multiple control
objectives directly affect the performance and robustness of
the MPC. The proposed method in this section determines
the optimum weight factors of the cost function for each
sampling time. The optimum weight factor results in better
current quality at the grid side and robustness to disturbances
in the model parameters of the system. The optimization of the
weight factors is done based on the prediction of the absolute
tracking error of the control objectives and the corresponding
constraints. Without loss of generality, this technique is applied
to the application considered in this paper, a capacitor-less
STATCOM technique using MPC of a DMC.

The proposed dynamic weight factor selection of the MPC
algorithm for the MC is shown in detail in Fig. 4. After mini-
mization of the cost function g, the switching that corresponds
to the minimum g will be applied to the converter. Then,
the algorithm moves into autotuning of weight factors. The
tuned weight factors will be used for the minimization of (22)
at the next sampling period for sufficiently small sampling
time. In practice, much of the evaluations for tuning of weight
factors are based on the computations that have been already
done. Thus, using the already computed cost function, we are
able to split the cost function (22) into two parts where each

corresponds to individual control objectives
isapl = W1 (23)

(24)

1—|loaﬁ
g2 =10- 0% < ¥

Y1 and ¥, are the acceptable error of tracking commanded
values. From the computed g; and g» for all 27 switching
states, the minimum value of g will be selected as

¢ = min g (25)

The next step is to evaluate the magnitude of minimum g;
with a sufficiently small number ¢; as follows:

{<ear=l=a (26)

The statement (26) is presenting that if g» is small enough
(less than a defined small number ¢1), then the weight factor A
is determined to be equal to a sufficiently small number &7,
considering the fact that g, is within an acceptable error
range ‘P».

If the condition in (26) is not satisfied, a larger value for
weight factor 1 should be selected in order to give higher value
to g» for minimization at the next sampling time (k + 1). This
evaluation of ¢ when its value is more than ¢ is as follows:

& <21 = A=2e
& <361 = 1=3¢g

E<keg1=> A=ke

where x € {1,2,3,...,N}. 27)
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The statements in (27) quantized &, which corresponds
to the magnitude of go; the weight factor 1 is determined
based on ¢ magnitude when comparing to n multiples of
g1 till the statement in (27) is satisfied. The corresponding
value of 1 is multiplication of n by e>. This strategy for
selecting the weight factor 1, based on the absolute error
of g» is illustrated in Fig. 4 (right). This procedure will be
repeated every sampling time; thus, during every sampling
period, the weight factor will be tuned online and applied to
the minimization procedure of the cost function (22) at next
sampling time.

B. Stability Analysis of the System

The system stability is analyzed using the Lyuponav stabil-
ity criteria. The system is proven to be bounded and shown
to asymptotically converge the error function toward zero
over the time period. For the presented system, there are
27 switching states which can be applied to the DMC in order
to regulate the reactive power. In finite set MPC, the future
actual votage vector VZE)IiM (k+ 1) required for perfect tracking
can be represented as

vk + 1) = vo vk + 1) + ¢k + 1)
conv

where vO,LM(k + 1) shows the converter output voltage vector
based on 27 switching states, vz(’)afp t(/’c + 1) is the optimum
voltage vector that can make the current error in the next sam-
pling instant to zero, and ¢ (k + 1) represents the quantization
error in the voltage vectors; here, ||¢(k + 1)|| </ andl € R*.

Since vco‘“’ Mk + 1) is bounded and is in finite sets, the hys-
teresis bounds of ¢ (k+1) are also bounded; thus, the existence
of “I” is guaranteed. Taking control parameters defined above,
{o—error can be defined as

(28)

io—error(k + 1) = io(k + 1) - io—ref(k + 1)~ (29)
From (19)
. Ts Lwmc
lo—error(k +1) = m ( (C;Olr_l\l(/[(k) lo(k))
- lofref(k)' (30)

The goal of the control function is to reduce tracking error
io—error asymptotically to zero or a very small error tolerance
value .

The Lyuponav function L(k) is defined as

1
L(io—error) = 5[ioferror(k)]T[ioferror(k)l

Using (31), the rate of change of the Lyuponav function can
be defined as

AL(ioferror) = L(ioferror(k + 1)) - L(ioferror(k))
= %[X]T[x] - %[ioferror(k)]T[ioferror(k)]

€19

(32)

where

Ty
( (k)

= k) ) —ip—ret(k+1).
Lnic + R Ts 10( )) fo—ref(k+ )

According to the Lyuponav theorem, for convergence of
io—error and for system to be stable, the rate of change of the
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TABLE I
PARAMETERS FOR THE SYSTEM IN FIG. 1

Parameter Value
Line-to-neutral grid voltage Vi ms 27713V
Angular frequency of grid voltage @ 2n*50 rad/s
Per-phase resistance of 10ad Ryouq, per phase 10Q
Per-phase inductance of 10ad Lyuq, per phase 30mH
Total rated real power of load Py 2.2 kW

Power factor at the load side p.f. 0.9

Total maximum load reactive power requirement Qjyqa 2kVAR
MC output-side inductance Lyc 30mH
Per-phase filter inductance L, ImH
Per-phase filter capacitance Cy 20 uF
Sampling time (Tj) 60 pus
Weight factor A of conventional approach 0.008

Lyuponav function AL(iy,—eror) should be always negative;
thus, ip—error = 0, if AL(ip—error) < 0. To check the above
condition, system should follow the following criteria:

L(ioferror(k)) = Cl|i07error(k)|g Vioferror(k) €Y
L(ioferror(k)) = C2|i07error(k)|g Vioferror(k) el
L(io—error(k + 1)) - L(io—error(k))
< =C3lig—error(k)|” + Cy
C1,C2,C3,C4 €RY, 0>=1TeR", T C .
(33)

From (31) and (32)

Ts

1

1. .
) - E[loferror(k)]T[loferror(k)l (34)
Also, the current vector converges to compact set given by

: . Ts
Q= I”loerror(k)””loerror(k)” = Tl . (35)
Therefore, all the signals will be bounded and will satisfy the
Lyapunov stability criterion.

V. RESULTS AND DISCUSSION

The system is mathematically modeled and simulated in
Simulink-MATLAB. The sampling time (7s) of the MPC is
60 us, the reference reactive power of grid Q* is zero VAR
[unity power factor (PF)], and other system parameters are
given in Table I. A characteristic of MPC is the use of system
models for selecting optimal actuations; thus, evaluating the
effect of model parameter mismatch on control effectiveness
is of interest. The proposed dynamic weight factor selection
illustrates that the effect of model parameter errors (sometimes
called as model parameter uncertainties) on performance of
the system is significantly reduced. In order to demonstrate
this fact, the MC output-side inductance (Lyjc) model value
is changed from 30 to 15 mH, while the nominal value is
30 mH. The model parameter error is defined as the mismatch
between the actual inductor used in the experiment versus the
model inductance value in the MPC algorithm.

The simulation results illustrated in Fig. 5 demonstrate the
MPC performance of reactive power compensation of MC;
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with the conventional fixed weight factor selection based on
the trial-and-error tuning method. The optimum weight factor
based on the conventional trial-and-error approach is deter-
mined as 0.008 [14] and the reference reactive power Q* set
as zero VAR (unity PF). Fig. 5(a) and (b) demonstrates phase 1
of utility-side voltage and current which are required to be in
phase, in addition to the output voltage of MC. At time 60 ms,
the mismatch in the inductance at the output side of the MC
is applied and its value is dropped to 15 mH from its nominal
value (30 mH), as it is shown in Fig. 5(a) and (b). After this
parameter variation, the current becames highly distorted and
the STATCOM fails to operate appropriately.

Now by using the proposed autotuning approach of the
weight factor of MPC, the distortion can be significantly
reduced with inductance model parameter error. The simula-
tion results in Fig. 6 demonstrate this fact. The cost function
weight factor is updated instantaneously at each sampling
time to achieve real-time autotuning. Phase 1 of the utility
voltage and load current are illustrated in Fig. 6(a), and the
lagging load PF is illustrated in Fig. 6(b). As it is shown and
required for the STATCOM, the grid-side voltage and current
are in phase with very small distortion after time 60 ms. Thus,
a robust MPC with autotuned cost function weight factors for
the objective of capacitor-less STATCOM is achieved. The
current phase reversal property is illustrated in Fig. 6(c) which
shows the input and output currents of the MC. Phase 1 of
output voltage of the MC is illustrated in Fig. 6(d). These
results demonstrate negligible distortion in current and voltage
waveforms even with this high model error in the output
inductance of the MC.

The performance of the proposed autotuned MPC for the
considered application is verified experimentally. Fig. 7 shows
the experimental setup block diagram used for the analysis
of the proposed algortihm. The experimental setup includes a
California Instrument MX45 programmable ac power source,
dSPACE DS1006 platform to implement the controller, and
interface with the MC hardware with nine bidirectional
switches. Figs. 8 and 9 illustrate the utility grid voltage, utility
grid current, and MC output voltage with the fixed cost func-
tion weight factor with and without model parameter errors
in the output inductance of MC. The model parameter error
is triggered at instant f;. As it is captured, the conventional
MPC scheme is not robust to model parameter error, and
the STATCOM failed to operate appropriately. Figs. 10-12
demonstrate the performance of the proposed autotuning
approach of thre MPC weight facotor. Utility grid voltage,
utility grid current, and the output voltage of the MC are
shown in Figs. 10 and 11. The reactive power compnesation
performance, current phase reversal property, and lagging load
current are shown in Fig. 12. As it is captured, even after
instant #; with model parameter error, the STATCOM operates
appropriately and continues to compensate the reactive power
required by the utility. Thus, the proposed approach improves
the robustness of the MPC scheme to model parameter errors
in addition to the elimination of “trial-and-error” design
process of the weight factor in MPC cost function.

The grid-side reactive power using the proposed autotuned
cost function weight factor and the conventional fixed weight
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Fig. 5.

Simulation results of the conventional fixed weight factor for the MPC cost function for VAR compensation by MC without and with errors in the

inductance model at time 0.06 s. (a) Phase 1 of utility power input voltage and current. (b) Phase 1 of output voltage of the MC.
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Fig. 6. Simulation results of the proposed autotuning approach of weight factor for the MPC cost function for VAR compensation by MC without and with
errors in the inductance model at time 0.06 s. (a) Phase 1 of utility power input voltage and current. (b) Phase 1 of utility voltage and load current. (c) Phase 1
current of the MC shows the phase reversal from input to output. (d) Phase 1 of output voltage of the MC.
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Fig. 7. Experimental setup of the proposed system.

factor are shown in Fig. 13. The error to the model of the MC
output-side inductance (Lymc) from 30 to 15 mH is applied at
time 0.06 s. As it is shown, without error in the inductance
model, the proposed autotuned method has negligible reactive
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Fig. 8. Conventional MPC with fixed weight factor, model parameter error
triggered at instant #1: utility grid voltage (vs1,1n) and current (i1, iz, and i3).

power tracking error of less than 0.3%; however, the reactive
power tracking error of the conventional fixed weight factor
is 1.1%. The tracking performance improvement and robust-
ness to system parameter error are shown after time 0.06 s,
as it is shown that the proposed method has the tracking error
of 1.04% with error in the inductance model which shows
good disturbance rejection. However, the conventional fixed



1416

Telc Prevu ™M 400ms

IEEE JOURNAL OF EMERGING AND SELECTED TOPICS IN POWER ELECTRONICS, VOL. 7, NO. 2, JUNE 2019

Tek Prevu

Zoom Factor: 2X

Zoom Position: §0.0ms
VOLLM(V)

Fig. 9. Conventional MPC with fixed weight factor, model parameter error

triggered at instant #1: MC output voltage (v1,1.M) and current (i, i3, and i3).
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Fig. 10. Proposed MPC with autotuned weight factor, model parameter error
triggered at instant #1: utility grid voltage (vs1,1.N) and current (i1, i, and i3).
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Fig. 11. Proposed MPC with autotuned weight factor, model parameter error
triggered at instant #1: MC output voltage (v1,1.M) and current (i, i3, and i3).

weight factor method failed to track the zero reactive power
(unity PF).

The spectrum analysis of phase 1 of the utility-side cur-
rent (i1) without error in the inductance model from 30 to
15 mH is illustrated in Fig. 14 by using the conventional fixed
weight factor in the cost function, as it is shown that the THD
is 5.52%. The spectrum analysis of phase 1 of the utility-side
current (i) without error in the inductance model by using

Fig. 12. Proposed MPC with autotuned weight factor, model parameter error
triggered at instant 7q: utility grid voltage (vy1 LN), utility grid current (iy),
MC output current (i,1), and load current (iy1).
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Fig. 13.  Grid-side reactive power without and with errors in the inductance

model after time 0.06 s. (a) Using the proposed autotuned cost function weight
factor in MPC. (b) Using the conventional fixed weight factor.
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Fig. 14.  Spectrum analysis of phase 1 of utility-side current (i1), without
error in the inductance model at time 60 ms by using the conventional fixed
weight factor.

the proposed autotuned weight factor in the cost function is
illustrated in Fig. 15, as it is depicted that the THD is dropped
to 1.67%. By comparing Figs. 14 and 15, even without
any disturbances in the models of the system, the proposed
autotuned weight factor method significantly improves the
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Fig. 16.  Spectrum analysis of phase 1 of utility-side current (i1), after
applying error in the inductance model at time 60 ms by using the proposed
autotuned weight factor.

grid-side current quality. The spectrum analysis of phase 1 of
the utility-side current is shown in Fig. 16 after applying error
to the inductance model at time 0.06 ms. The THD is increased
to 4.37% when using autotuned weight factor method, but still
it meets the IEEE-519 [30], [31] standards limits. However,
if the conventional fixed weight factor is used, the grid-side
current will be highly distorted. Thus, the proposed autotuning
weight factor technique overcomes one of the main limitations
of MPC by improving the robustness of MPC to model
parameter errors.

The PF step response on the utility side is shown in Fig. 17.
The PF of the load has been stepped at instant # from 0.9 to
0.6. Fig. 17(a) shows the three-phase balanced load currents
before and after the step changes in the load PF command at
instant #,. Fig. 17(b) shows utility current in the first phase
and the load phase current in the first phase along with utility
first-phase voltage to demonstrate the controller performance.
As can be observed, the utility currents are providing the real
part of the currents and are in phase with the utility voltage
before and after the step responses in the load PF. The extra
reactive power demand is supplied by the DMC.

Fig. 18 shows the effect of load unbalancing on the sys-
tem. The load first-phase current (iz;) has been triggered
at instant f3 to create an unbalanced condition on that load.
Fig. 18(a) shows the utility voltage and currents for the first
phase. The utility current in the first phase has been increased
accordingly with respect to the load unbalance to cater the
extra active demand in that phase. Fig. 18(b) shows the all
phases of the load current.

AUTOTUNING TECHNIQUE FOR THE COST FUNCTION WEIGHT FACTORS IN MPC

1417

Tek Prevu

el

M2.00s

] —_—
AR ‘=-W-f‘l"x’r’w‘Jz%‘J-;\"?*-‘l’ﬁ’k“*ﬁ‘J&JV#\‘MYMGWWE%W&YXW%

Zoom Factor: 5X

Z0om Position: 0.00 S

111(&) (A) u.a{A)
/20 Addiy %5 /

Zoom Factor: 5X Z0om Position: 0.00 S

wsLLN(V)

p'[ 70 Vidiv

(b)

Fig. 17. Proposed MPC with autotuned weight factor, step change in load
PF from 0.9 to 0.6 occurred at instant 7. (a) Load current (i1, iz, and i;3)
with step change in PF. (b) Utility current (i1) and voltage (v,1,1.m), and load
current (ip 1) before and after step changes in PF.

Finally, the voltage sag condition on the utility side has been
analyzed and is shown in Fig. 19. A voltage sag at intant
14 has been introduced on the utility side. Load being the
passive type; thus, the power requirement also comes down
and can be observed in Fig. 19. The DMC-based STATCOM
is still compensating the full reactive power of the load and
maintatining the unity PF on the utility grid side.

In order to evaluate the computational burden of the pro-
posed control scheme, its execution time has been measured.
The required average time to perform all calculations is
roughly 50 us. The sampling time is 60 us; this sampling time
is chosen based on the desired performance and complexity
of the control scheme while considering the capability of the
hardware microprocessor (ASPACE platform) we used for the
system test. It turns out that the proposed control scheme uses
approximately 85% of the available time. The execution time
measurement shows that the implementation of the proposed
control algorithm is feasible by most of the microcontrollers.
The use of an embedded system like dSPACE is intended for
expedited prototyping; however, when it comes to the real
application and implementation, many cheaper boards like the
Altera DEO-Nano field-programmable gate array that costs
around U.S. $85 is capable of handling the proposed controller.
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Fig. 18. Proposed MPC with autotuned weight factor, unbalance
load occurred at instant #3. (a) Utility current (i1) and voltage (v,1,1.m), and
load current (iy 1, izn) before and after triggering the unbalance scenario.
(b) Load current (iz,1, iz2, and iy 3) before and after triggering the unbalance
scenario.
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Fig. 19. Proposed MPC with autotuned weight factor, utility voltage sag
of 40 V occurred at instant f4.

VI. CONCLUSION

The performance of MPC with multiple objectives in
the cost function is directly affected by the weight factors.
The proposed method in this paper determines the optimum
weight factor of the cost function at each sampling time;
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the optimization of the weight factor is done based on the
prediction of objectives’ absolute tracking error and their
corresponding constraints. This technique eliminated the con-
ventional trial-and-error approach to design the weight factor
in the MPC cost function. Furthermore, the proposed approach
improves the robustness of the model-based predictive control
schemes to model parameter error.

Reactive power in the ac power system network while
fundamental to the system is detrimental to the reliability,
efficiency, and overall performance of the ac network. The
application considered in this paper is a STATCOM by using
the MPC of a DMC. MPC of the MC provides reactive power
compensation by controlling the input reactive power and the
output current into the inductive storage elements. The pro-
posed autotuned technique for the MPC of the capacitor-less
STATCOM by MC shows: lower THD at the grid-side current,
robustness to the system model disturbances, and lower track-
ing error. Thus, the proposed control strategy and STATCOM
are more reliable and robust technique for long service life of
the device.
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