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ABSTRACT Model predictive control (MPC) is a powerful and widely used technique to address the control
challenges in power converters as the grid interface for renewable energy systems. This technique combines
closed-loop control with error and control effort minimization; however, its design is challenging, and
we know little about how the controller parameters affect the closed-loop performance of grid-connected
voltage source converters. In this study, we applied an MPC direct power control with modulation for a
grid-connected power converter with an inductive filter. For the controller design, we proposed an initial set
based on the power converter’s nominal setup. Then, we define the range of settings to guarantee stability by
analyzing the closed-loop poles of the system. The fine-tuning to improve the performance can be identified
visually using the performance maps built from simulations of the control system, simultaneously sweeping
the time horizons of the predictive model and the weight factors of the cost function. Experimental results
on a low-power bench demonstrate the excellent performance of the designed controller, following and even
outperforming the classical proportional-integral (PI) controller and other advanced control techniques.

INDEX TERMS Direct power control, grid-connected VSC, model predictive control, MPC with PWM
modulation, weight factors design.

I. INTRODUCTION

Integrating renewable energy sources (RES), such as solar
PV and the wind, with the electric power system is an
essential solution to reduce the dependency on high carbon
emission sources, such as oil derivatives and coal, which
strongly contribute to global warming [1]. The development
of power converter technology has contributed to the energy
transition by interfacing RES in microgrids and distributed
generation [2].
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The Voltage Source Converter (VSC) with a passive filter
is the most common power converter topology applied as
a grid interface for RES [3]. The passive filter is required
to attenuate the harmonic components generated by the
switched voltage and by nonlinearities such as the dead
time of the VSC switches [2]. The inductive (L) filter is
the more straightforward, well-established, and more reliable
since it requires a minimum of sensors compared to higher
order filters such as inductive-capacitive (LC) or inductive-
capacitive-inductive (LCL) [4], [5]. Although higher-order
filters offer advantages in size, cost, and attenuating harmonic
distortions, the control system design and implementation
complexity increases significantly due to the characteristic
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resonance, which demands an active or passive method of
attenuation [5], [6].

The good dynamic performance and robustness of the grid-
connected VSC depend on the control technique applied;
the most common include the classical PI current controller
[7], [8], [9], resonant proportional control (PR) [6], nonlinear
controls by sliding modes or Fuzzy interface [2], state
feedback [10], and MPC [11]. The MPC combines the
attributes of other advanced control techniques such as
closed-loop control, error and control effort minimiza-
tion, intuitive implementation for multi-variable systems,
and the ability to incorporate the physical constraints
[11], [12]. The main types of MPC that are gaining space
on power converter applications are Deadbeat, Finite Control
Set (FCS-MPC), Continuous Control Set (CCS-MPC), and
Generalized Predictive Control (GPC) [2], [11], [12], [13].
The computational cost, especially when constraints are
imposed, is an important limitation of MPC [14]. In addition,
as a model-based technique, the MPC may lose performance
due to parametric variations and large disturbances in load
current or grid voltage [2], [12].

The essential operation of the MPC uses the system model
to predict the future behavior of the output, a weighted
cost function of the reference tracking error and control
effort, and an optimization strategy to compute the control
signal [15]. The CCS-MPC, also known as MPC with
modulation, uses a state space matrix modeling, produces a
control signal continuous in amplitude within an allowable
voltage range for the VSC, and operates with a constant
switching frequency [12]. The classical approach of the CCS-
MPC technique is the current control [15]. Another usual
approach is Direct Power Control (DPC), called MPC-DPC,
which considers the active and reactive powers as state
variables of the grid-connected VSC [15], [16]. The MPC-
DPC is usually applied in the synchronous rotation frame
for simplifying individual control of the active e reactive
power [7], [16]. It can also be applied in the stationary frame,
such as in [17].

In this paper, an MPC-DPC is designed in the synchronous
rotation frame for a grid-connected VSC with L-filter. The
primary motivation is to contribute to the energy transition
by developing control systems to power converters as a grid
interface for RES. The systematic design of the MPC-DPC
controller is an open scientific challenge since there are
various degrees of freedom, such as the time horizons in
the predictive model and the cost function weight factors
that affect the stability and performance of the system [18].
Because of the complexity, the empirical method is the most
commonly reported for the design, as in [19].

The MPC-DPC control system must guarantee the closed-
loop stability, power regulation, and quality of the energy
injected into the grid. A Phase-Locked Loop (PLL) syn-
chronizes with the grid voltage [20]. The strong grid model
is adopted here for the single small-scale grid-connected
VSC, where the grid is assumed as a stiff voltage source
with an impedance that has a low effect on the system
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stability [3], [16], [21]. To reduce the degrees of freedom
to only four parameters, the cost function weighting block
diagonal matrices are simplified to diagonal matrices with
equal terms [22]. We proposed an initial setting for the weight
factors using the square of the ratio between the VSC nominal
power and the grid voltage values [11].

The proposed controller tuning is based on the closed-
loop poles of the MPC-DPC control system. First, the
controller settings are constrained to guarantee stability and
then applied to estimate the theoretical dynamic performance.
Simulated results are presented to corroborate the theoretical
analyses and provide a performance mapping with the
simultaneous sweep of the MPC-DPC parameters, weight
factors, and time horizons. These performance maps visually
identify the fine-tuning of the MPC-DPC to maximize the
performance in power regulation and energy quality of the
grid-connected VSC. Similar analyses of the CCS-MPC
parameters and the performance of the grid-connected VSC
have been presented for classical current control, such as
in [23] and [24]. However, we found no reports for the
MPC-DPC controller. The proposed controller tuning were
validated experimentally and compared to the PI-DPC control
proposed in [7] using a 1 kW workbench.

Il. MODEL OF THE VSC IN ROTATION FRAME dq

The grid-connected power converter (Fig. 1) consist of a VSC
with L-filter [12], [25]. The VSC injects energy into the grid
from the DC bus by modulating the voltage V. into a three-
phase waveform v?bc synchronized with the grid common
connection point (CCP) [26]. The full operation of the system
(Fig. 1) depends on the proper drive of the VSC switches by
the space vector MPC-DPC control strategy in rotation frame
dg [11]. The MPC-DPC uses a predictive model, defined in
section III, and a cost function of the tracking error of P,,r and
Oef » and the control effort ﬁdq [27]. The minimization of the
cost function is the key step and produces the reference signal
for driving the VSC in the form ¥ (k) = Tigy(k) + V¢ 4g(k)
(Fig. 1). A space vector PWM modulator (SPWM) performs
the VSC switch drive from the \7% signal after the conversion
to the af stationary frame [11].

The synchronization with the grid voltage is performed
by a PLL, as shown in Fig. 2, a simple and robust control
loop that estimates the instantaneous phase 6, [20]. The
measurement of the three-phase currents (igbc) and voltages
(vgb“) at the grid CCP are required for the operation of the
control loop (Fig. 1), which are converted to the synchronous
frame dgq first using the Clarke transform and then using 0,
and the Parke transform [28]. In the PLL (Fig. 2), the grid
voltage vector Vg 44 and the d-axis of the rotating frame dg
are forced into synchronism at the same angle 6, as estimated
by the PI control loop, so that the Parke transform result in
Veq = 0 and |Vg 49| = vga [20]. This strategy creates a
weak coupling between the d and g components of the system
variables since it allows the individual control of active power
P and reactive power Q by using only the components i, 4 and
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FIGURE 1. Space vector MPC-DPC strategy for the grid-connected VSC
with L-filter using rotation frame dq.
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FIGURE 2. Block diagram representing the operation of the PLL.
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The continuous-time DPC model for the VSC in Fig. 1
is given in (2), where: the sub-index d and g represent the
real and imaginary components of the state variables; L, and
R, are the inductance and the internal resistance of the filter;
wy is the grid frequency in rad/s [19], [27]. The DPC model
is obtained by considering v, 4 constant during the short
sampling time and under ideal grid operating conditions [27],
and deduced from the components i, 4 and i, , in (1) replaced
in the current model of the VSC with L-filter [12].

4]0, le)

3ve.d )
|: 2L 39 ] |:Vlyd - Vg,d:| (2)
_ed |y o — v
0 73 iqg ~ Veg.q

The discrete DPC model in (3) is obtained approximating
the power derivatives in (2) by a zero-order-hold (ZOH) [22].
Discretization errors can be neglected effectively due to the
high ratio between the sampling frequency and the operating
frequency of the system [29]. In (3) tigg = Vidg — Vg,dg 1
an auxiliary variable representing the difference between the
VSC and grid voltages, and Cy is an identity matrix 2 x 2.
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The brackets in (3) identify the compact model terms in (4).

X(k+1) Aq X(k)
[P(k+1)}_[ — 8L T, ”:P(k)}
Ok +1)] | —w,T R, 0 (k)

% 0 |:Vi,d(k) - Vg,d(k):|
+ 0 _ 3V§ZT$ Vi,q(k) - vg,q(k) (3)

By qu(k)
X (k 4+ 1) = AgX (k) + Bqiiag (k)
yk+1)=Cyx (k+1) 4

Ill. MPC-DPC CONTROL FOR GRID-CONNECTED VSC

The predictive model in the MPC strategy (Fig. 1) uses the
DPC model in (4) to predict the future behavior of the power
injected into the grid up to the sliding horizon ny [19], [27].

Successive aﬁpphcatmns of (4) form the predictive model in
(5), where: ) € 32 is the prediction vector of the system
output defined in (6); X (k) are the actual measurements of
the states variables; U € 92! is the prediction vector
of the control signal up to the horizon n, defined in (7); W is
the predictive state matrix defined in (8); and M is the input
matrix defined in (9).

V=Uik)+ MU (5)
Y=[k+Dy*k+2) -5 (k+n)]" ©)
U = [iiagk) gk + 1) gk +n,— D] (D)
W = [Cya CiA2 Cud} -+ CdAZ'”]T @®)
CyBy 0 S0
CiAaBy  CuBy 0
M= | CaAlBi  CyAqBs -+ 0 ©)
CaA" "By C4A” 2By -+ CyBy

A. COST FUNCTION
The quadratic cost function in (10) uses the predictions of
the reference y*ef e R2><1 the system output (3) and the
control signal (7) [27]. The terms I'y and I', in (10) are
diagonal weighting matrices of the tracking error and the
control effort, respectively.
- -\ T - -
T =V =) T (I =¥)+UTTU 10)
The vector )7’4 is defined from the reference signal
yref (k) = ?;f{,q(k) repeated n, times in (11) [12]. In this sense,
the grid voltage is considered constant within the prediction
horizon ny, a strategy known as persistent MPC [30] and
consistent with DC values in the dg synchronous frame for
any ny. In [19], this strategy is used to formulate the CCS-
MPC in the af stationary frame, but the approximation is
restricted to short time horizons [11]. The weight factors I'y €
Re?*2 % and T, € Re*™*2 ™ are positive definite block
diagonal matrices [12]. The cost function weighting block
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diagonal matrices are simplified to diagonal matrices with
equal terms, as shown in (12) and (13), to reduce the degrees
of freedom associated with the MPC-DPC controller [22].
Thus, the critical parameters to the performance of the MPC-
DPC are reduced to four: yy, yy, ny, and n,.

- T

y’éfnyxl] =[111- 1] 5 k) (1
Ty 2nyx2ny] = ¥y diag([1 11 -+ 1)) (12)
Tu (2, x2n,] = Yu diag([1 11 -+ 1]) (13)

B. MINIMIZATION OF THE COST FUNCTION

In the MPC strategy applied in this paper, we do not assume
constraints for the system variables, allowing us to obtain an
analytical solution for minimizing the cost function (10) by
solving 37 /dU = 0 [15]. The solution U presented in (14)
is a control signal prediction vector, as defined in (7), where
the first element is the control signal for the recent horizon
ftdq(k) to be applied to the system [18]. The control signal
Uigq(k) can be obtained from (14) in the form ug,(k) = W U,
where W = [szz 0--- 0][2><(2n,,+2)]'
U= (MTryM - Fu) MTT, [j,ef i (k)] (14)

A more compressible way to define the control signal

Ugq(k)is presented in (15), where K = W(MTFy./\/l — Fu) -

MTT, is a constant matrix and independent of the
measurements of the system variables, so can be calculated
external to the real-time control loop [18]. The computational
load of (15) is similar to simple state feedback [31], but
implements the error and control effort minimization at
each time instant when the reference is updated and new
measurements of the state variables are available [15].

i) = K [Py = W ()] (15)

IV. DESIGNING OF THE CCS-MPC CONTROLLER

A. STABILITY ANALYSIS

The design of the CCS-MPC controller is complex because
it is necessary to adjust multiple parameters that sensitively
affect the stability and closed-loop performance [23]. The
classical root-locus stability criteria for discrete linear
systems state that all closed-loop poles must be inside the
unit circle in the z-plane to ensure stability [32]. We use this
concept to impose constraints on the CCS-MPC controller
parameters. According to [33], the closed-loop poles of the
CCS-MPC controller are the eigenvalues given by (16), which
can be deduced by substituting the control law (15) into the
discrete model in (4). The configuration of the grid-connected
VSC used in this paper is summarized in Table 1 [22].

|Ag — B4KW—zI| =0 (16)

Fig. 3 shows with “x”” markers the closed-loop poles (16)
for a finite set of the parameters yy, vy, ny, and n,. Note
that the poles move from the right boundary of the unit
circle to the center (Fig. 3) as y, decreases with constant
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Algorithm 1 MPC-DPC Algoritm

Result: VSC switch drive: optimal duty cycle.

Load the system parameters: R, L, V5, Jo» Ve, fsws Vys
Yu> Ny, Ny;

while MPC-DPC active do

Acquisition of the 3-phase ?g,abc(k) and ng,abc(k);

Apply Clark transform: ?g,aﬂ(k) and Vg op(k);

Active PLL for grid synchronization: 6,(k);

Apply Park transform: ?g,dq(k) and Vg g4(k);

Apply (1): X(k) = [P(k), Q(K)];

Build the system model (4): A4, By, and Cy;

Build the predictive model (5): ¥, M and Vs

Build the cost function 7 (10);

Minimize 7 using (15): itgq(k);

T’i,dq(k) = adq(k) + Dg,dq(k);

Apply inverse Park transform: ﬁi,aﬂ k));

Apply V; op(k)) to the SPWM modulator;

Drive the VSC switches;

end

TABLE 1. Setup of the grid-connected VSC.

Used in Parameter Value
P nominal 750 W
@ nominal 300 var
Nominal power 1 kVA
Grid-connected VSC Vab ~190 V,,
fq 60 Hz
Vae 300V
fsw 20kHz
L 13.2mH
L-filter R 010

¥y, improving the transitory response such as decreasing
the settling time #; [32]. The values of #; in Fig. 3 were
calculated by approximating with an ideal second order
system, considering the 2% settling criteria [32]. According
to [24], the yy setting can be arbitrary since the cost function
minimum point is independent of the absolute values of yy
and y,,, but rather the ratio between them. Thus, the closed-
loop dynamic response improves as the ratio y,,/yy decreases,
either reducing y, with fixed y, (Fig. 3) or increasing y, with
fixed y,,.

The proposed initial setting (y, = 103, 9, = 10°) or
YulVy = 102 is approximately the square of the ratio between
the nominal values of the VSC power (S, = 1000 VA) and the
grid voltage (v = 110 V):

Sz 1000

_ ~ 2

which, in the worst case, causes approximately equal
contribution of the cost function the weighted terms track-
ing error and control effort [11]. This tuning strategy is
similar to the case of the FSC-MPC applied to the torque
and flux control of the Doubly Fed Induction Generator

VOLUME 11, 2023
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FIGURE 3. Highlighting the unit circle in the z-plane for the root locus of some MPC-DPC

controller settings. Values of ts in milliseconds.

(DFIG) [11], [28]. The initial setting (1) (Fig. 3) produces

poles near the unit circle boundary, so it is defined as 800
the reference for the stability. Notice finally in Fig. 3 that

increasing the horizons n, and n,, also moves the poles toward .
the center of the unit circle, such as the settings (3) and (4) 2
moves when the horizons change from ny, = 1 and n, =0 to el
ny =10and n, = 9. -
B. CONTROLLER TUNING 50
This section presents the closed-loop performance map- 0
ping for tuning the CCS-MPC DPC controller from the 50
ranges where stability is guaranteed (section IV-A). This g-mo
analysis was performed in SimPowerSystems toolbox of @ ien
Matlab/Simulink®), using the settling time and integral 5
square error (ISE), as defined in (18) [34], to analyze the '

transient and steady-state power regulation dynamic [35].
In (18) ¢ = [P—P,ef, 0- Q,ef]T is the error vector
of active and reactive power reference tracking. The total
harmonic distortion (THD) of the current injected into the
grid (Fig. 1) was used to evaluate the energy quality, which
should not be greater than 5% as recommended by the IEEE
1547.2-2008 standard [36].

ISE = [0l = |/ /0 FoPdr (8

As a starting point for tuning the MPC-DPC controller,
we considered here only the setting (3) or higher (Fig. 3),
i.e., setting y,/yy < 10°. Since the theoretically dynamic
response () for setting (2) is much slower than the bench-
mark of other advanced control techniques, for example,
in [22] where the settling time is approximately 2 ms.
To evaluate the simulated performance of the control system,
the power regulation curves and the current injected into the
grid were used, as shown in Fig. 4 and 5 for the setting
(3). In this case, the ISE performance in power regulation is
10.42 dB (Fig. 4) and, through the spectral analysis of the
grid side current i, , (Fig. 5b), the ISE performance in energy
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0.06 0.08 0.1 0.12

Time

0.02 0.04

FIGURE 4. Simulated (a) active and (b) reactive power regulation for the
grid-connected VSC using the MPC-DPC setting (3) (Fig. 3).

quality is 2.17%. To compare the performance of MPC-DPC
settings (3), (4), and (5), Fig. 6a shows the transient regime
for the simulated active power curves, and Fig. 6b presents
the ISE and THD performances.

Notice in Fig. 6a that the power regulation transitory
performance improves from setting (3) to (4) and from (5)
to (5), i.e., reducing the y,/y, ratio, in agreement with the
theoretical trend pointed out by the #; values shown in Fig. 3.
It is important to emphasize that although the theoretical 7,
is an excellent indication to design the dynamic response,
deviations from the plant are expected, even in simulation,
due to limitations and unmodeled dynamics of the power
converter, as reported in [37]. The simulated performance in
power regulation and energy quality also improves with the
reduction of the y,/y, ratio, as shown in Fig. 6b. The THD is
a measure relative to the fundamental component of ig 4, s0 a
reduction in power quality is expected for power setups lower
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FIGURE 5. (a) Comparison of the current ig,q and the voltage vg ¢ at the
grid CCP using the MPC-DPC setting (3), in the same time window in
Fig. 4; (b) Spectral components of ig,q for P,of = 750 W and Qs = 0 var.
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FIGURE 6. Comparison of simulated performance of the MPC-DPC
settings (3), (4), and (5): (a) Active power curves in the transient regime,
the inserts highlight the settling time; (b) ISE power regulation and THD
energy quality.

than the nominal value of the VSC [36]. The simulated results
of the MPC-DPC control system with setting (5) indicate that
the minimum power set up to meet the 5% benchmark in
energy quality is 20% of the nominal power (e.g., Prf =
200 W and Qry = O var). The following subsections
present further simulated studies on the effect of MPC-DPC
controlling parameters on the closed-loop performance of the
grid-connected VSC system.

C. EFFECT OF PREDICTION AND CONTROL HORIZONS

The influence of n, and n, on ISE and THD performance
is evaluated in this section, for the fixed setting of the cost
function gains y, = 103 and y, = 103 or YulVy = 100
(setting (3) of Fig. 3). We evaluated the VSC performance
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metrics for pairs of n, and n,, and Fig. 7 presents the results
as color maps. Note in Fig. 7 that simultaneously increasing
ny and n, improves both ISE and THD performance (blue
regions) of the grid-connected VSC, which is due to improved
prediction of the system variables [11]. To avoid the low
performance regions in both Fig. 7a and Fig. 7b (regions
in red), an appropriate choice for time horizons might be
ny > landn, =ny, — 1.

D. EFFECT OF COST FUNCTION WEIGHT FACTORS
Considering the lower time horizons for the MPC-DPC,
ny = 1 and n, = 0, we evaluate in Fig. 8 the effect of y, and
vy on the closed-loop performance of the VSC. Only results
in the region above the line y,/yy, = 10° are considered
stable. The results (Fig. 8) show that y, and y, affect the
performance of the VSC very significantly, as expected by the
dominance in the closed-loop pole placement (Fig. 7). Note
in Fig. 8 that the contour lines of the THD and ISE follow the
trend of the lines with the constant y,,/yy ratio, evidence that
the performance of CCS-MPC is independent of the absolute
values of y, and yy, as mentioned earlier [24]. Figure 8
also shows that the setting y,/y, = 10° can guarantee
energy quality performance better than the 5% benchmark.
In contrast, an improper choice (e.g. yu/yy = 10") can
worsen the power regulation performance by dozens of times
compared to y,/yy = 10°.

E. GLOBAL PERFORMANCE MAP FOR THE CCS-MPC
PARAMETERS

This section evaluates the simultaneous effects of the time
horizon and weight factors on the closed-loop performance
of the DPC CCS-MPC controller, an analysis for which no
report has been found in the literature using the synchronous
rotating frame [23], [24]. The global performance map in
Fig. 9 depends on ny and y,/yy = ¢, where c is a constant
value, while the other controller parameters are set in the
form:n, =ny — 1,y = 103 and y, = CYy.

The results in Fig. 9 show that the reduction of the
weight factor ratio rules the tuning of the DPC controller,
whereas the time horizons only significantly affect the ISE
and THD when n, is small (ny < 5) or close to the
line y,/yy = 100, The results suggest that the proper
choice of the y,/y, ratio (vertical grid lines in Fig. 9)
can guarantee good closed-loop performance for any time
horizon. For example, the performance for the setting (5)
ISE = 8.51 dB and THD = 0.95% in Fig. 9 change little
with ny.

V. EXPERIMENTAL VALIDATION OF THE CCS-MPC

DPC TUNING

We use the experimental 3-phase bench presented in Fig. 10
to obtain the results presented in this paper. The main
components are an electronic board for the conditioning of
the three-phase voltage and current; a DSP Texas Instruments
model TMS320F28335 to run all the control algorithms; a
1 kVA/500 Vdc/230 Vac power converter; a 13.5 mH/5 A
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FIGURE 7. Performance map of the VSC for n, and ny: (a) ISE; and (b) THD.
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FIGURE 8. Performance map of the VSC for yy and yy: (a) ISE and (b) THD, where the contour
white lines highlight the performances for the setting (4) and (5).
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FIGURE 9. Global performance map for the CCS-MPC parameters: (a) ISE and (b) THD. In the
contour white lines, the performance is equal to the setting (3), (4), and (5).

inductive bank (L filter); and an AC programmable power The experimental validation of the proposed MPC-DPC
supply model SUPPLIER FCATHQ 4500VA/380V/500Hz to settings starts by evaluating the performance of the settings
emulate the power grid [22]. The setup of the experiment grid- (3), (4), and (5) shown in Fig. 3. Fig. 11 and Fig. 12 show the
connected VSC is the same presented in Table 1. experimental results for the MPC-DPC settings y,/yy = 100
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FIGURE 10. Low power experimental bench of the grid-connected VSC
used for experimental validation.
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FIGURE 11. Experimental power regulation and energy quality for
MPC-DPC setting (3): yu/yy = 10%, ny =1, and ny = 0.

L

and y,/yy = 10!, respectively, with the same times horizons
ny = 1 and n, = 0. These results show an improvement
of all closed-loop performance parameters from setting (3)
to (4), both in transient and steady-state, as predicted in the
theoretical analyses in section IV and simulated in section I'V-
E. Fig. 13 compares the transient of the power curves and the
ISE and THD performance for the three settings (3), (4), and
(5). Notice in Fig. 13 that the best experimental performance
occurs in setting (4) instead of setting (5), as predicted
in the theoretical and simulated analyses. This effect may
be associated with the physical limits of the VSC power
source [27]. Minimal values for y,/yy reduce the penalty
of the control effort in the cost function, and in the limit,
Yu/Yy — 0 would require infinite energy from the VSC,
which is impractical.

An important remark about the experimental performance
for setting (e) is the THD = 1.1% very close to the value
estimated in simulation (1.04% in Fig.6). In addition, the
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FIGURE 13. Comparison of experimental performance of the MPC-DPC
settings (3), (4), and (5): (a) Active power curves in the transient regime,
the inserts highlight the settling time; (b) ISE power regulation and THD
energy quality.

transient performance ¢, = 0.86 ms is compatible and even
superior to the experimental performance reported for the
VSC with L-filter [22], [38] To experimentally validate the
effect of the time horizon on the MPC-DPC setting, Fig. 14
compares the transient of the power curves and the ISE and
THD performance for the same y,,/yy values for settings (3),
(4) and (5), with time horizons n, = 10, and n,, = 9.

Notice in Fig. 14 that increasing the time horizons in
the MPC-DPC produced a very close performance for the
three settings (3), (4), and (5). A significant performance
improvement is noted for setting (3) with n, = 10, whereas in
setting (5), the performance does not change with increasing
ny and n,, precisely as predicted in the simulated analyses in
section IV-E. As well as for the settings with n, = 10 and
n, = 9 (Fig. 13), the ISE and THD performances of the
settings in Fig. 14 also degrade from setting (4) to (5), this
practice imposes the minimum threshold y,/yy, > 107!
for the tuning of the MPC-DPC controller due to physical
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TABLE 2. PI tuning from the Yasdani’s method [39].

PI Param. Tuning Proposal [39] Discrete DPC Customization [7]
kp Lg/7; Lg/7i - (2/3‘/9)*
k; Ry /T TsRy/Ti

" - -
Current to power conversion using (1).

limitations of the VSC power supply [27]. Thus, the results
in Fig. 14 corroborate the best experimental performance for
the setting (4): y,/yy = 107!, n, = l and n, = 0.

A. PERFORMANCE COMPARISON WITH CLASSICAL
CONTROL TECHNIQUES

This section compares the performance of the MPC-DPC
controller designed in this paper with the PI DPC controller
in rotation frame dg as described in [7]. The PI DPC control
of the grid-connected VSC uses a PWM modulation, and
it is mathematically equivalent to the classical PI current
control through the gain in (1) [7]. We design the PI DPC
using the well-established method proposed by [39] for dg
current control of the grid-connected VSC with L-filter,
which proposes the gain k, and k; from the parameter t;
as shown in Table 2. Table 2 also shows the customization
used here in the PI gain formulation for the discrete case
of direct power control [7]. The parameter 7; is the time
constant of the approximation, by a first-order model, of the
closed-loop dynamics of the plant+compensator system and
should be chosen small for a fast response but large enough to
ensure a closed-loop bandwidth (1/t;) smaller than the PWM
switching frequency [39]. In this case, to conform to this rule,
the PI controller bandwidth should not exceed the sampling
frequency of 20 kHz. According to [39], an initial setting can
be 10 times smaller bandwidth, that is, T; = 10/f;,, = 0.5 ms
for a fy,, = 20 kHz PWM modulator.
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FIGURE 15. Simulated performance for the PI-DPC control of the
grid-connected VSC: (a) transient response of ISE power regulation and
THD performance for different PI controller settings from the indicated 7;
parameter.

TABLE 3. Comparison between the best fit MPC-DPC and the Pl DPC.

ts Overshoot THD ISE fsw
MPC-DPC  0.86 ms 0.93% 1.1% 7.13dB 20 kHz
PI-DPC 1.72 ms 3.99% 1.38% 7.51dB 20kHz

The tuning of the 7; parameter was based on simulated
results (Fig. 15) for the PI-DPC control of the grid-
connected VSC, using the SimPowerSystems toolbox of
Matlab/Simulink@®). Fig. 15a shows the simulated active
power curves, and Fig. 15b shows ISE and THD performance
for different PI controller settings from the indicated t;
parameter. The simulated results suggest that lower t; values
produce better dynamic performance, decreasing overshoot
up to 3% and settling time up to 0.8 ms for 7; = 0.053 ms,
close to the 0.05 ms threshold [39]. Fig. 15b corroborates the
tendency for improved system performance with decreasing,
indicating 7; = 0.053 ms as the best setting for the PI
controller, with gains k, = 1.5238 and k; = 0.0952 and
discrete transfer function shown in (19). The PI-DPC control
in (19) resulted in a phase margin of 58° and gain margin of
3.22 dB [7]. Fig. 16 shows the test results for the P DPC and
Table 3 and Fig. 17 summarizes the comparison with the best
fit MPC-DPC designed here (Fig. 12).

1.5238 (z — 0.9375)
- z—1

Note that the ISE and THD values in Table 3 show a
better performance of the controller proposed here over the
PI DPC, both in power regulation and energy quality. The
controller proposed here also performed better in the transient
regime with #;, = 0.86 ms and no overshoot (Fig. 17a),
while the PI controller has an overshoot of 4% and t; =
1.7 ms. In the current spectrum for the PI-DPC controller

C @ 19)
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(Fig. 17c¢), the higher amplitude of harmonic components in
the 2-3 kHz and 16-17 kHz bands may contribute to the worse
performance compared to the MPC-DPC controller proposed
here (Fig. 17b).

It is important to emphasize that the PI controller is not
optimized to reduce the control effort as well as the MPC-
DPC [9], as shown in Fig. 18 the comparison of the control
signal (vector norm of (15)) for the same boundary conditions
and reference signals used for Fig. 4. In Fig. 18, the maximum
control signal levels of 32.9 Vrms for the MPC-DPC, while
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the PI controller produced signals up to 139.3 Vrms. The
MPC control effort is less than a quarter of the PI controller
(Fig. 18), which may be one of the reasons for the better
performance in power regulation (Table 3). In addition, the
MPC presents other features, such as being more closely
related to the plant dynamics and based on the future behavior
prediction [12].

VI. CONCLUSION

In this paper, we designed an MPC-DPC controller with
PWM modulation in the synchronous rotating frame for a
grid-connected VSC with L-filter. We proposed an initial
control setting based on the VSC nominal setup to guarantee
stability. The coarse tuning of the MPC-DPC controller was
developed from the theoretical dynamic performance given
by the closed-loop poles of the control system. Fine-tuning
can be identified visually using the performance maps built
from simulations that sweep the weight factors of the cost
function and the time horizons of the predictive model. In the
present literature, no reports have been found on such detailed
analyses of the performance of the MPC-DPC controller
applied to grid-connected VSCs. The proposed settings for
the control system were validated experimentally on a low-
power experimental bench.

The overall performance of the MPC-DPC was proven to
enhance when reducing the ratio of the cost function weight
factors from the stability threshold y,/y, = 102 to the
minimum threshold v,/ > 10!, imposed by the saturation
of the PWM modulator. The analyses showed that the setting
YulVy = 10~!, whatever the individual values of Yy O Yy
and whatever the time horizons, can guarantee good perfor-
mance for the grid-connected VSC in transitory, in power
regulation and energy quality. Compared with the PI-DPC
controller, the proposed tuning for the MPC-DPC controller
outperformed both power regulation and energy quality and
only required a quarter of the control effort of the PI
controller.
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