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Passivity-Based Partial Sequential Model Predictive
Control of T-Type Grid-Connected Converters With
Dynamic Damping Injection

Bo Long
Josep M. Guerrero

Abstract—LCL-filter interfaced three-level T-type converters
have been widely used in low-voltage applications due to their ele-
vated power quality. However, there exist several problems. To be-
gin with, the performance of the finite-control-set model predictive
control (FCS-MPC) controlled 3LT2C relies on an accurate system
model and measurement. Consequently, output performances will
be influenced when model parameter mismatches, grid impedance
variation, and the dead-time of power devices occur. In addition,
the robustness of the FCS-MPC controller may also encounter
challenges under disturbances and noise. Furthermore, LCL-filter
has the resonance problems in the grid currents, which may endan-
ger the system stability. To solve these problems, a passivity-based
partial sequential MPC (PSMPC) with dynamic-damping injection
method, which outperforms FCS-MPC and ensures the asymptotic
stability, is proposed. First, the passive output voltage based on
the Euler-Lagrange model is obtained using dynamic damping
injection. Second, by embedding passive output voltage into MPC,
a passivity-based PSMPC robust controller is designed to enhance
its anti-disturbance abilities and achieve resonance suppression.
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Finally, to avoid the time-consuming of weighting factor selection,
a PSMPC that allocates nonconflicting objectives in the same layer
is introduced. Experimental results on 10-kW prototype demon-

strates its excellent performance over existing techniques.

Index Terms—Passivity-based control, sequential-model pre-
dictive control, three-level T-type converter.

NOMENCLATURE

Vie dc-link voltage.

Clye dc-bus capacitor.

Up, Un Voltage of the upper- and lower-side dc-link
capacitors.

Ug, Up, Ue Switching state of phase-a, b, and c.

UN ,Ug Converter-side and grid voltage.

11, 12, Ve Converter-side current, grid current, and filter
capacitor voltage.

vRBC | pgon Converter-side voltage with and without PBC
control.

Ry, L4 Resistance and inductance of Converter-side in-
ductor.

Cy,ve Filter capacitance and its voltage.

Lo Grid-side inductance.

kq Droop coefficient.

€iys Ciy Tracking error of ¢7 , i5.

Tabc Three-phase grid current in abc-frame.

Vab,c Three-phase grid voltage in abc-frame.

io(t), tac(t) NP current.

Avpy NP voltage difference.

Tla> U1b > Ul
T,

Converter-side current of phase-a, b, and c.
Sampling time.

u(k) Switching sequence of the power transistors at
time instant k

Jres Resonance frequency of the LCLfilter.

UNa»,UNG Converter-side voltage under the o3 stationary
frame.

Vga, Vg Grid-voltage under the a3 stationary frame.

R, Damping matrix.

I. INTRODUCTION

ITH increasing proportion of distributed generation,
grid-connected converters (GCCs) play an increasingly
crucial role in energy conversion. Compared to two-level topolo-
gies, three-level converters have been widely used in low- and
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medium-voltage fields owing to their superior output voltage
qualities and current advantages [1], [2]. Among several ex-
isting three-level converter structures (e.g., diode-clamp and
flying-capacitor based three-level inverters), three-level T-type
converters (3LT2C) have been widely studied because of their
unique advantages (with fewer switching elements and higher
efficiency [3], [4]). The output current of 3LT2C converter
contains excess switching harmonics.

Recent literature shows that there are two main ways to
overcome resonance. The first is to include a physical resistance
to damp the resonance [9], [10]. However, this may incur addi-
tional costs and power loss. The second, active damping (AD),
employs control algorithms for resonance suppression. In [5],
Said-Romdhane et al. designed an AD of proportional-integral
control for LCL-GCCs, which ensured the system stability under
grid inductance variations. In [11], proportion-resonant con-
trol based on AD was used to overcome the resonant peak.
To deal with the conflict between resonance suppression and
harmonic-current amplification, Zhou et al. used inverter-side
current feedback control in [12], which eliminated additional
sensors. Based on offshore wind farm applications, in [13],
the control stability for internal and external resonances was
analyzed. Although the above methods can effectively overcome
the resonant peak, 3LT?C control requires a multiobjective op-
timization problem (MOOP) [e.g., output current quality and
neutral-point (NP) voltage balance]. If other control objectives
are used for optimizing, the controller design will become more
complicated. On the contrary, model predictive control (MPC)
can deal with MOOP simply by putting objectives into a cost
function.

Recently, MPC has been widely used owing to its multiobjec-
tive optimization and good dynamic response [14], [15], [16].
In [17] and [18], a dual-vector MPC controller is proposed to
minimize the total-harmonic-distortion (THD) of a single-phase
NP-clamped pulsewidth modulated rectifier and to provide iner-
tial support to a microgrid. However, it could achieve good robust
under disturbances. For LCL-GCCs, in [19], the converter-side
current, grid-side current, and filter capacitance voltage were
used as the optimization objectives to ensure the system stability.
However, the introduction of new feedback variables led to an
increased number of weighting factors, thereby complicating
their selection. In [20], the grid harmonic was solved by design-
ing a hybrid cost function, although calculating the modified
reference was complex. In [21], the power quality performance
with different state feedback was selected as control objective
in LCL-GCCs.

Although MPC is an embodiment of a simple multiobjective
control, some inherent problems must be discussed. First, MPC
implementation relies heavily on an accurate system model.
Consequently, when internal parameters change or external
disturbances occur, the control performance of the MPC con-
siderably deteriorates, hampering the tracking of the control
targets. To tackle the disturbance, an observer is usually used
to compensate the accuracy of the model in MPC. In [22], a
disturbance observer based on Extended-Kalman-Filter (EKF)
was used to improve the system robustness. In this method,
the grid voltage was calculated using EKF observer and the
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performance was guaranteed under a weak grid to eliminate
internal disturbances (e.g., model parameter mismatch) in the
system. In [23], [24], and [25], an extended-state observer (ESO)
was designed to solve the model’s sensitivity-related problems.
However, the tuning parameters of ESO ought to have been
determined. Recently, active disturbance rejection control was
successfully introduced into MPC, thereby enhancing the dis-
turbance rejection capability of the system [26], [27]. However,
the additional nonlinear observer was introduced and multiple
parameters needed to be adjusted.

Second, traditional MPCs need to predetermine the weighting
factors, which are time-consuming and require repeated experi-
ments [28], [29], [30]. To solve this problem, sequential model
predictive control (SMPC) was proposed to achieve MOOP by
controlling the targets layer by layer [31]. However, in conven-
tional SMPC, the number of candidates in each layer should be
determined in advance, while each control object is allocated
to a single layer, which may cause sub-optimization problems
[32].

Recently, passivity-based control (PBC) was introduced to
improve the system stability and enhance its anti-disturbance
ability [33], [34]. Passivity-based control directly correlates the
state variables with the system energy, ensuring the convergence
of the energy storage function by means of damping injection
and power sharing. In [35], PBC was used for power decoupling
control regarding power quality improvement. In [36], PBC was
used to attenuate the influence of the time-delay in inverter
control.

From the above research, although MPC can directly solve
the MOOP of LCL-GCCs, its robustness remains poor. During
normal operations with MPC, owing to the aging phenomenon
and increase in ambient temperature, the filter parameters may
deviate from their desired values. Consequently, the model
mismatches and the dead-time of power device (also regarded
as internal disturbance) may lead to serious grid current distor-
tion. In addition, when external disturbances (e.g., grid voltage
distortion, voltage-drop) occur, MPC recovery is inadequate,
leading to an unstable system. Contrarily, PBC is robust to
system parameter variations and external perturbations from
the perspective of energy dissipation. Considering the merits
of MPCs and PBCs, a novel method called DDPB-PSMPC is
proposed herein. First, a dynamic damping injection strategy
is proposed to improve the input in the PBC. Based on the
prediction idea, the tracking error of the converter-side current
in a future instance is extrapolated and calculated. Furthermore,
the injected damping was determined following the average
prediction error. Second, based on the Euler—Lagrange (EL)
model of LCL-3LT?C, the converter voltage of PBC is calculated
and sent to the predictive controller as a reference. Finally,
considering the output performance and weight factor design,
anew partial SMPC (PSMPC), which groups the nonconflicting
objectives into the same layer, is proposed to optimize the control
objectives.

In summary, the main contributions of this study are as
follows:

1) Based on the prediction error, a novel PBC (DDPB)

method using dynamic damping injection is proposed.
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This proposed method can adjust the injected damping in
real-time following the prediction error, which considers
both the convergence time and steady-state error of the
system.

2) The output voltage, which was based on the DDPB
method, fed the predictive control as a reference to op-
timize the converter voltage. By embedding DDPB into
the MPC, the system has less steady-state error and is
more robust to parameter variations, noise, and external
perturbations.

3) To reduce the weighting factors and control objectives, a
new PSMPC that places nonconflicting objectives in same
layers is introduced. By using DDPB-PSMPC, the system
can maintain an excellent output and avoid suboptimal
problems caused by sequential optimization.

4) In the proposed DDPB-PSMPC method, the harmonic
resonance is successfully suppressed by converter-side
voltage control without including additional control ob-
jectives.

The rest of this article is organized as follows: In Section II,
the modeling of LCL-3LT?C GCC is presented. A prediction
equation was established and the inherent problems of LCL-
3LT2C were introduced. Section III presents the fundamental
PBC using the EL. model and demonstrates the passivity of the
system. Moreover, the impact of the damping matrix on system
stability is also analyzed. In Section IV, a preliminary MPC
for LCL-3LT?C is introduced. In Section V, passivity-based
PSMPC control and its implementation are presented. To verify
the effectiveness of the DDPB-PSMPC, experimental results
under different scenarios are presented in Section VI. Finally,
Section VII concludes this article and provides suggestions for
future research.

II. MODELING AND PROBLEM DESCRIPTION OF 3LT2C GCCs
WITH LCL-FILTER

From this section, we first introduce the discrete prediction
model of LCL-3LT?>C grid-connected converter, which is the
based for PMPC, then the discrete model of DDPB controller
will be introduced. Finally, the combination of DDPB and
partial SMPC controllers are introduced. The output voltage of
DDPB derived by EL model is embedded into the cost function
of PSMPC to achieve strong system robustness with smaller
steady-state errors, which inherits the advantages of two control
methods.

A. Topology Description

The topology of the LCL-3LT?>C grid-connected converter
is illustrated in Fig. 1. V4 is the dc-link voltage. The dc-bus
side uses two series capacitors Cy. to divide the high voltage.
The voltages of the two capacitors are v, and v,,, respectively,
where P and N represent the positive and negative poles of the
dc bus, respectively. Each phase of LCL-3LT?C consisted of
four switching elements: 71, Tjo, Ti3,and Ti4 (i = a,b,¢). Ty
and T;4 are vertical switches, while 7} and 1;3 are horizontal
switches for midpoint clamping. An active damping technique
was used to reduce additional power losses.
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Fig. 1. Topology of the 3LT2C GCC with an LCL-filter.
TABLE I
OUTPUT OF THE 3LT2C CONVERTER
Switching state Voue Ti1 Tiz Tis Tia
1 0.5V, on on off off
0 0 off on on off
-1 —0.5V;.  off off on on
NNP ONP PNP
Fig. 2. Space voltage vectors of the three-phase T-type converter.

According to different switching state, the output voltage is
given Table I.

B. Modeling of LCL-3LT?C Converter

As shown in Fig. 1, the 3LT2C consists of NP switches and
vertical half-bridge switches, followed by an LCL-filter. In each
phase of the three-level converter, there are three switching
states: [P], [O], and [N]. Thus, the 3LT2C has totally 27 switching
state combinations. These switching states can be represented
by space voltage vectors, which can be divided into four groups
based on their magnitudes: zero-, small-, medium-, and large-
voltage vectors.

The space voltage vectors of the T-type three-level converter
are shown in Fig. 2. The vector space is divided into six large
sectors, namely I, II, III, IV, V, and VI, and each large sector
is divided into four small sectors, namely, 1, 2, 3, and 4 (see
Fig. 2).

To establish the mathematical model of LCL-3LT%C, the
switching vector is defined as follows:

u = [uayubauc}T- (D
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According to Table I, u,, up, u. canbe [—10, 1]. Assuming the
two dc-link capacitor voltage V), and V,, are balanced, namely,
V=V, , therelationship between the converter-side voltage v&"
and dc-link voltage V. can be expressed as follows:

= %du )

In practice, the voltage of the two dc-link capacitors may not
be equal, to solve this problem, the balance control of neutral-
point voltage is arranged in the first layer (highest priority) of
sequential model predictive control, which will be discussed
in the subsequent sections. According to Kirchhoff’s law, the

current and voltage equations of LCL-3LT>C can be derived as
follows:

con

din, _ _Ryg o 1 1 oycon

@ — L, T Vet VN

dipg _ _ R, 1 _ 1

a = "I, g;Vc — g;Vece 3)
dvg _ 1 , 1,
a oy T oyt

where %1, 12, v, and v, are the converter-side current, grid
current, filter capacitor voltage, and grid voltage, respectively.
The above three-phase vectors are defined as follows:
i1(t) = [i10, 816, 81c]
ia(t) = [i24, G20, 92c] " @
Uc(t) = [’Ucav Vb, vcc]T
vpce(t) = [vpce, » Vpce, , 'UPCCC]T~
To simplify the equations, the three-phase vectors can be
transformed to o530 stationary frame by Clarke transformation,
given as follows:
t1ap (1) = Ksg/25 11 (1)
i2ozﬂ (t) = K35/28 i2 (t)
Veap (t) = K3s/25 Ve (t)
vpccas (1) = K325 vpcc (1)

(&)

where K3, /o, represents the Clarke transformation matrix
which is defined as follows:
_1
2
V3|
2

2 ll -1
3 V3
3 10 ¥
In the a0 coordinate system, the state variable matrix is

selected as & (t) = [i1a8, 1245, vcag]T, and the continuous-time
state equation and output equation are described as follows:

& (t) = Fz(t)+ Gu(t) + Pupcc (t)
y(t) = Cx (1)
where state variable matrix F', input control matrix G, distur-

bance matrix P, and output control matrix C'in (6) are expressed
as follows:

K3s/25 =

(6)

Ry, L
y Iy 02><2 I I3y2
R 1
F = Os2 - 22 7 Ioce |

03,2

1 1
o7 Ao =57 22

T
O2X2 O2><2 K38/287

G = {XL’? PR
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T
P = [02><2 _%2'[2><2 O2><2} K3s/2sa
Ios O30 Oayo
C = [O22 Iz Oy
02><2 02><2 02><2

From (6) and matrix C, the output vector y are the output
currents of the converter-side and grid-side inductors needed to
be controlled. Using the Du Hamel formula [37] to discretize (6),
the discrete-time prediction model can be expressed as follows:

xz(k+1) = Az (k)+ Bu (k) + Tvg (k)
@)
yk+1) = Cz(k+1)
where A = efTs. B = —F Y (I-A)G, T = —F!
(I - A)P.

C. Modeling of Neutral-Point Current

InFig. 1, the capacitor voltages V}, and V,, are controlled by the
currents that flow in and draw out. When the Vy is provided by
direct-current (dc) voltage source, the only element that affects
the capacitor voltage is the neutral point current 7,. Because of
the possible mismatch between the capacitors’ voltages, V,, may
not be equal to V,,, the dc-link capacitor voltage difference Av,,,
can be expressed as follows [38]:

d d

Cdc %AVHP = C(dc% (Vp - V;l) = iO = _i,{abc : abs(u) (8)

is the three-phase converter-

T
luc| ]

. T
11c ]

side current in the abc frame and abs (u) = [|u,|

where i14pc = [i1a @15

||

D. Problem Description

1) Neutral-Point Voltage: 3LT>C faces NP voltage fluctua-
tions (v, # v,,). When the NP voltage is unbalanced, both series
capacitors encounter unbalanced charging and discharging pro-
cesses. Hence, itis important to control the NP voltage difference
caused by NP current i,(t), the relationship between Av,,, and
io(t) can be written as follows:

d 1 .
—aAvnp (t) = C—dc io (t) . 9)

The relationship between i, (t) and the switching vector u can
be established as follows:

io(t) = (1= |ugl)ira + (1 — |up|) d1p + (1 — Jue|) i1c.
(10)
The three-phase system are symmetrical, indicating that¢,, +

i1p + i1 = 0. Consequently, i,(t) can be rewritten as follows:

Y

Substituting (11) into (9), the relationship between Avg. and
i,(t) can be rewritten as follows:

d 1
%Avnp (t)= Cu

—io (t) = |ta| i14 (t) + [up|1p (t) + |ucli1c () .

(|tal t1a () + upl d1p (t) + e i1 (2)) -
12)
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Equation (12) was discretized using the Euler forward method
and the prediction model of NP voltage difference can be ex-
pressed as follows:

T
Cdc

where T represents the sampling time and w(k) represents the
switching sequence of the power transistors at time instant k.
2) Resonance of an LCL-Filter: The LCL-filter has an at-
tenuation rate of -60 dB in high-frequency range, which can
eliminate high-order harmonics of the switching power con-
verters and ensure high-quality integration of the grid current.
However, a resonance peak may destabilize the system. The
resonant frequency fs can be expressed as follows [9], [10]:

Avpy (k+1) = == [u (k)| "i1 (k) + Avny (K)  (13)

Wres

= = == 14
LlLQCf 2w ( )

Equation (14) shows that the grid current is easily resonated
because of the peak at the natural resonance frequency [wyes
expressed in (14)] [39], [40]. The state variables related to the
LCL-filter are inverter current ¢1, filter capacitor voltage v., and
grid current ¢5. The high-frequency component of these state
variables is the excitation source for the resonance problem.
Thus, the AD algorithm usually dampens the resonance by
introducing the state feedback control from these state variables,
which does not need any additional hardware components.

III. PASSIVITY-BASED CONTROL

A. Preliminaries of PBC Theory

The PBC associates the state variables of the system with
energy. The PBC seeks the energy storage function F(z) and
calculated E(Xy) (X is the expected equilibrium point of
the system), thus global stability and output performance are
achieved by converging E(x) to E(Xj). The designing of the
PBC is involved in two steps, i.e., power shaping and damping
injection. Many systems, which do not contain energy sources,
can be described by the EL equation. Since there is no energy
source in LCL-3LT2C, its EL model is established.

Selecting 1 = [7}]])\],35, URE[?, —VpCCay —VPCCB 00
input vector, vR2¢ and vREC are the converter-side voltage which
are passive, vy, and v g are the grid voltage. The EL model of

LCL-3LT?C can be expressed as follows:
Mz +Jx+ Rx =1

]T as the

s)

where M and R are the positive-definite symmetric matrices
that reflect the energy storage and dissipation situations of the
system, respectively. Jis a skew-symmetric matrix (J = —J7),
which reflects the couplings within the system. x is the system
variable. Here, M, R, and Jare expressed as follows:

M.¢ = diag [L1, L1, Ly, Ly, Cy, Cf] , R
= diag [Rl, R17R2, RQ,O, 0]

Ozx2  O2x2  Iaxo
J6><6 = 02><2 02><2 _I2><2
—Iaxa  Iaxa Oaxa
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Defining the error matrix . = * — x , the EL model of
LCL-3LT?C based on error analysis can be expressed as follows:

M . + J xz.+ R x

e e e

6x6 gx1 6x6

=M z" +J = +Rx*— 1
~— ~— ~—
6x1

6x6 gx1

(16)

6x1 6x1

The error energy function is selected as £ = 0.5 Mx.,
to ensure that the state variable reaches the desired equilibrium
point and the system should satisfy the following constraints:

z.— 0, E—0, E<O0. (17)

To ensure that LCL-3LT?C satisfies (17), it is important to
inject damping so that it rapidly attains the reference state
variable. The injection-damping term is expressed as follows:

(R+ R,)x. = Ry, (18)
where R, is the damping matrix, and R, = diag[r,1,7.1,
T22,T22, Tx3, Tz3)6x6, substituting (18) for (16), the EL model
of 3LT2C can be rewritten as follows:

Mz, + Jx, + Rjx, = Mz" + Jx* + Rx* — i+Rxx..
(19)
To guarantee the system stability, the left term of (19) should
attain zero. Thus, the input vector ¢ and E'(x) can be calculated
as follows:

: 2
B@) = —aT(R+ Ru)ze = 2T Raze <0 (1), 0

{ i=Mi" + Jr* + Re*+Rxx, (a)

This indicates that the convergence speed of the system is
related with the injected damping Ry . Consequently, (20.a)
provides the passive input of PBC for LCL-3LT?>C and the
switching signal based on (20) can improve both the power
quality of the grid current and system robustness. It is needed
to note that the input i guarantees the passivity of the 3LT>C
converter. Considering LCL-filter is a passive network, thereby,
according to the passivity characteristic theorem, when two
passive circuit networks are series connected, the while system
would also be passive.

For digital implementation, the discrete model of (20) with
the sampling time 7 by backward Euler can be derived

—x*(k—1)
T

ik) = =) +Jz* (k) + R (k)+Rx xo (k)

2D
where z.(k) = x* (k) — x(k).

B. Passivity Analysis of 3LT>C Converter

If the PBC controller is used in the 3LT?C, it must be guar-
anteed that the inverter is strictly passive. In other words, the
energy stored inside the LCL-3LT?C inverter should not be
greater than the energy supplied to the inverter at any given
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time. The following formula should be satisfied:

H(a:(T))—H(:c(O))g/O uTydT—/O Q(z)dr, T > 0
(22)

Or H(z) <u'y—Q(x) (23)

where x(t), u(t), and y(t) represent the system state, input,
and output vectors, respectively, H(x(T')) — H(x(0)) repre-

T
sents the energy stored inside the 3LT?C, [ uTydr represents
0

T
the external energy supplied to the inverter , and [ Q(x)dr
0

represents the total dissipated energy in the 3LT2C.

If the 3LT2C converter is passive, it must be internal stable,
thus the dissipated energy will make the stable variable x(t)
converge to the desired equilibrium point. The term here is used
to describe the dynamics of the control system

diiq diip digg dizp

Liitg—— 4+ Lii1g—>= + Loiog———+Loiog—0
101 dt+ 1018 t+ 212 dt+212,6 i

¥ 50 (v +02)

= Udelde — VPCCal2a — UPCCA23
— (i3 +i3g)R1 — (i3, + i55) R (24)
Then, (24) can be written as follows:

d (Ll(z'%a +iy) . Lo (i3, +i§B)> 1

5 5 + 5¢f (v2, + U?,B)

dt

= Ugelde — (Vpccatza + Vpccpizg)
- (i%a + Z%B)Rl - (Zga + Zgﬁ)RQ
when define H(x), u'y, and Q(x) as

Li(i3, +135)  Lo(i3, +i35) 1 ) )
= 92 =+ 2 + icf (Uca + UCB)

(25)

u"y = ugeige — (Vpccaiza + vrccpizg)Q(x)
= (i1, +i15)R1 + (i3, + i55)R2 > 0.

Based on the above analysis, the LCL-3LT?C system is passive
when implementing PBC controller. The key to implementing
PBC control is that the passive input i can be strictly satisfied,
since the elements —vpccqap and 0 cannot be controlled, so
the followings will explain how to apply i and ensure that the

components of i are equal to the theoretical calculation (20.a).

. T
Defining vectors v}2¢ = [vR2C, vifC, o] and v}ES, =

PBC ,,PBC1T PBC _ PBC :
[V Ung | >thenwehavev ooy = Koo, vy~ . According

to (20.a), the passive input i is calculated as follows:

di’
PBC __ 1lap
VUnap = L1

+Veap + Ritiap + T0108(810p — 4108)

di
— 2a3
—vpccap =Lo—7

—Veap T R28505 72205 (505 —1205)

dvy, - - *
0= Cf dt £ - 2108 + 2208 + rI30¢5(Uca[3 - UCGB)' y
(26)
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If six components of the vector iare applied, then the LCL-

3LTC system would be passive. For the elements v {5, it is

possible to impose

di . )
UJPGBO(L:B = Ll 7’(;:5 _|_ U:QB + Rlllaﬁ + Tajla/BAZlaB (27)
Ui?fjﬂ = ngc KSs/qu'

As shown in (27), in the proposed method, v};\}fﬁ is calculated

according to DDPB algorithm, and then v?\}fﬁ is regarded as

the reference of vi{y, 5 in PSMPC. By controlling the switching

PBC . con PBC
VeCtor, Uy, is tracked with vy, 52 80 Uy g CAN be controlled.

As shown in (26), the injection damping term 7,13 affects
the calculation of vRBC, setting 7,14 = rz15 = 741 , the design
of 1,1 will be discussed in the next section, while 7,2, and
T23q4 are independent of vl])\?fﬁ. Therefore, when designing the
dynamic damping rules, only 7,1 is adjusted. In (26), 73243 and
72305 are not used for computing URI,B(SB but related to the
components of i: vpccaps and 0.

For vpccag, the common-coupling-point voltage cannot be
controlled. However, to guarantee the passivity of LCL-3LT?C,
vpcce and vpccp should be equal to the values i [3] and i [4]
(vpcca = (3], veccp = £[4]), and the following equations
should be existed:
dis,g

dt

- ’UZQB +R2i§a6 +T$2(¥B (iza,ﬁ - iQOt,B)'
(28)

Although vpcca s cannot be controlled, 1,2, can be designed
to ensure the left- and right-side of the equation are equal. After
discretizing the assumption (28), r 2.4 can be calculated as
follows:

With the 7,944 in (29), the assumption (28) can be available,
it should be noted that i3, 5 (k) = i2q (k) is the mostideal case
of the LCL-3LT2C system. At this time, 7,2, can be set to 0,
and the controller will not be affected.

As for the components ¢ [5] and ¢ [6], to guarantee the
passivity of LCL-3LT2C, 4 [5] and % [6] should be equal to 0.
The assumption is listed as follows:

dv*

0= Cf dCtOtﬁ - iiaﬂ + igaﬂ + T'z3a3 (Uza,@ - 'UcaB)- (30)

Similar to the derivation steps of (29), shown at the bottom of
the next page. after discretizing (30), 7,34 can be calculated as
follows:

With the 7,344 in (31) shown at the bottom of the next page,
the assumption (30) can be available, it also should be noted that
V5,5 (k) = veap (k) is the most ideal case of the LCL-3LT?C
system. At this time, 73,3 can be set to 0, and the controller
will not be affected.

In summary, 11?\}35 can be controlled by switching vectors,
the assumption (28) and (30) be can realized by setting 7,243,
Tz3q4 according to (29) and (31), as the result, the uncontrolled
components —vpcca, —Vpccg, 00 can be equal to i [3], i [4],
i [5], i [6], respectively. Then, passive input i can be applied
completely. As a result, LCL-3LT?C system is passive.

When the energy of the 3LT?C satisfies (22) and passive input
i can be strictly satisfied. The three-phase LCL-3LT?C is strictly
passive, and the PBC controller can be used.

—vpccap = Lo
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C. Analysis of Damping Matrix R,

For PBC control, additional damping matrix R, in (18) is
injected to accelerate the convergence speed of the system and
boost the system stability. In this section, the impact of R, on
the state variables is analyzed to assist in designing the dynamic
damping law.

According to (20), the EL model is described as follows:

PBC __ di} . . .
vy = L1t +ve + Rud] + (4] — 41)
di . . .
—vpce = Lo — ve + Raty + r42(i5 — i2) (32)

d P 3 3 *
0=Cr77e — i) + 15 + ras(vi — ve)

where 4], 45, and v’ are the references of i, i2, and v,
respectively.
Substituting (2) and (3) into (32), (32) can be rewritten as

follows:
dit diy L
Ly (W - %) + (R1 +751)(3] —41) =0 33)
Ly (% = %2 ) 4 (Ry + 142 (i — 2) = 0.

Defining the state variable error e;, = 2] — i1, €0 = 15 —
22, (33) can be simplified to the following:

Ll d;;l + (R1 + Tacl)eil =0
LQ dzzz + (RQ + ng)e,;z = O
Equation (34) is the first-order linear differential equation

group. Under ideal continuous-time conditions, the general so-
lution of (34) is expressed as follows:

(34)

_Ridren

_Rodrgo,
e, =ce

,€, =ce Lz

(35)

Equation (35) shows that once the parameters of LCL-filter
are determined, the bigger the damping injected and faster the
convergence of the state error to 0. However, existing research
has revealed that excessive damping may increase the steady-
state error of the system. In addition, the damping element 7,1
affects the calculation of v52€ in PBC, and v%2€ will be sent to
PSMPC as the modified reference, excessive damping may affect
the optimization of other objectives in PSMPC at the same layer
as vlf\],?’c. Consequently, in this study, we propose an adaptive
damping injection scheme as seen in Section V.

IV. ANALYSIS OF EXISTING MPC FOR LCL-3LT2C

For MPC-controlled LCL-GCCs, it is important to solve the
resonance problem. Additional control objectives associated
with the filter are optimized to ensure the system stability. Owing
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to the coupling characteristics of the LCL-filter, the quality of
grid current i, is affected by the converter current ¢; and filter
capacitance voltages v, i1, and v.. They are usually selected
as the control objectives for resonance suppression. To balance
the NP voltage simultaneously, two existing MPC methods for
LCL-3LT?C are elaborated.

A. 1:11:2 A’Unp-MPC

It has been shown in [21] that with proper LCL-filter parame-
ters, resonance can be mitigated when considering the optimiza-
tion of 2. To achieve high-quality control of grid current and NP
voltage balance in LCL-3LT2C, the cost function of 1102 Avpy
method is as follows:

Jivizavn, = 133k +1) —i2(k + 1)
+a ik + 1) —dg(k + 1))

Lo () Tin (k) + A (K)

+ Ao
C'dc

(36)

where A1 and A, are the weighting factors for resonance mitiga-
tion and NP voltage balance, respectively.

1192 Avp,, on its part suppresses the harmonics of 2; and 25
to ensure that the output current is not affected before and after
passing the LCL-filter. However, the high-order harmonics of the
filter capacitor voltage will lead to resonance energy oscillation,
which is not considered in i1i2Avy,), , thereby limiting its res-
onance suppression capabilities. In addition, i1i2 Avy,, method
has a poor robustness. Thus, once there is disturbance, the grid
current will considerably be distorted.

B. ilvcig A’Unp-MPC

Since the high-order harmonic components of %1 , v, and 2,
can be regarded as the excitation source of resonance, reference
[19] considered the predictive control of these three state vari-
ables. In LCL-3LT2C, the cost function of i;v.is Avg.-MPC is
expressed as follows:

Jivvsizavn, = |15k +1) —ia(k + 1)||5
a5k +1) — i (k+ 1)]5

+ Ao

T :
G k) "3 (k) + Aoy (1)

+aglvik+1) —vo(k+1)]3 (3D

1 z;aﬂ(k + 1) - Z;aﬁ(k)
Tz2aB = 7% . _L2
(1505 (k) — 205(k)) T

+viap(k) — Rais, (k) — UPCCaB(k’)] Jif 135, 5(K) # d2ap (k).

(29)

- vzaﬁ(k)

i (k) - izaﬁw)} (k) £ ves(R) (D)
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TABLE II
COMPARISON BETWEEN 4192 Ay, 11012 AVyp, AND DDPB-PSMPC

(3) DDPB-PSMPC

(1) i112A0y, (2) {100, A0y,

(A i)
Objective 3 4 ;
numbers
Weighting 5 3 1
factors
Resonance Limited, rely on
suppression proper LCL Effectiveness Effectiveness
PP filter design
Robustness Inferior Better than (1) Better than (2)

where A3 is the weighting factor of the filter capacitance.
11012 Av,,,-MPC introduces more objectives for improving res-
onance suppression ability. However, its robustness is preferable
to iliQAUnp-MPC.

C. Analysis and Comparison

To analyze the merits and demerits of both methods, the
comparisons between 7319 Av,, and i1v.i2Av,, are summa-
rized in Table II. i192Awv,, is very simple and can mitigate
the resonance if proper LCL-filter parameters are set. However,
when the filter parameter deviates from its nominal value, the
resonance-suppression performance will become worse. More-
over, the robustness under 4192 Avy,, is poor, meaning that the
system stability may not be guaranteed if internal and external
disturbances occur. The %;v.i2Avy,, method comprehensively
considers state variables without affecting the power quality
of the grid current. Hence, the resonance suppression ability
and robustness are excellent. However, the number of control
objectives increases, which offers a heavy computation burden
and makes the selection of the weighting factor becoming more
time-consuming. Additionally, when external disturbances oc-
cur, the anti-disturbance ability of i1 v.i2 Avy,), gets limited.

To effectively enhance the system anti-disturbance capability
while minimizing the number of weighting factors, based on
PBC with dynamic damping, a novel robust control called
DDPB-PSMPC which has only three control objectiveness
(e.g., Avypiav{™) is proposed in this study. The characteristics
of DDPB-PSMPC are also listed in Table II. Different with
i192Avpy, and 1012 Avy, methods. DDPB-PSMPC improves
the quality of the grid current and robustness while reducing
weighting factors and control objectives.

V. PAsSIVITY SMPC WITH DYNAMIC DAMPING INJECTION

To solve the problem of MPC being sensitive to disturbances
and considering resonance suppression, PBC is considered in
MPC to enhance the system robustness. To begin with, this
section presents the integrated cost function of the proposed
method. Furthermore, to obtain the output voltage of the PBC as
modified reference in MPC, a detailed law for dynamic damping
is designed. Finally, a PSMPC that assembles nonconflicting
objectives in the same layer is introduced to reduce the weighting
factor.
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A. Integrated Cost Function of DDPB-PSMPC

MPC is advantageous in dealing with MOOP. Hence, it is
convenient to embed the PBC into MPC. In this study, the con-
verter voltage vy is selected as the optimization objective of the
MPC and the PBC output voltage v5E€ regarded as its reference.
The disturbance is dampened by trackmg the trajectory of vREC.
Assuming vRBC(k) = oRBC (k + 1), the cost function of the
proposed DDPB-PSMPC is expressed as follows:

Joizae, = [li3(k+1) —ia(k + 1)|3
Ty T
thalE [u(k)[" i1 (k) + Avny ()

4o [ oRBC(k+ 1) — o (k+ D)5 (38

where 14 is the weighting factor of vy . In (38), vREC replace i1 to
be tracked in the cost function, because UPBC has 1ncluded the op-
timization of e;, (¢] — 1), so the term (’Ll(k +1)—d1(k+1))
has been removed from (38). Since the converter-side current 2
is indirectly controlled, the designed cost function (38) can also
mitigate the resonance of LCL-filter.

Unlike existing MPC, DDPB-MPC considers energy dissi-
pation and controls v{" instead of ¢; and v. to improve per-
formance. However, when calculating v52€, the damping term
R, in the EL model could affect both the stability and steady
error. In the next section, following the influence of R, on state

variables, the dynamic damping rule is designed to obtain vR2C.

B. Dynamic Damping Injection Law in PBC

According to the analysis in Section III, the damping matrix
has conflicting effects on the convergence time and steady-state
error. Thus, a new dynamic damping law is designed. The
proposed method calculates the converter voltage v52€ from the
PBC as areference for MPC. In (26), only the dampmg term 7%,
has an impact on v%2C, while damping network R, is briefly
rewritten as follows.

R, = diag [ry1,741,0,0,0,0]. (39)

Since viy" couples with 41, the converter-side current error
, distorted v{", and the proposed method uses the predicted
error of i; to adjust the damping. First, the basic value of
7Y, is determined experimentally and R, is obtained (R’ =
diag[r?,,72,,00,00]). With R”, the grid current maintains high
quality without disturbance. Second, In DDPB-PSMPC, the
error of converter-side current e;, need to be extrapolated. In
the n-order Lagrange-Extrapolation [41] the error e;, (k + 1) in
the next period can be expressed as follows:

n

e, (k+1) :Z 7l

=0

(n+1)!
Mn+1-1) eu(k+1-n).
(40)
In general, the estimation error is large whenn = 1lisapplied.
Hence, n = 2is applied and the average error €;, . (k + 1) is
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obtained as follows:
Cira (k + 1) = 36i1a (k) - 36i1a (k - 1) + it (k - 2)
€irp (k? + 1) = 361'113 (k‘) — 361‘13(]6 — 1) =+ eiw(k — 2)
eil,sum(k + 1) = €14 (k + 1) + €ig (k + 1)
eila_avg(k + 1) = €i175um(k’ + 1)/2.
(41
Finally, if the average prediction error exceeds the threshold,

dynamic damping R, is added to R, to overcome the distur-
bances. The integrated damping R, is expressed as follows:

b i <
P
where R is calculated by the following:
R} = diag[e;, sum(k+1),€i; sum(k+1),0,0,0,0]. (43)
The output voltage v2E€ of PBC is coupled with the converter-

side current errors and injected damping. Considering the influ-
ence of above two variables on v};\?c, the elements of the dynamic
damping matrix R are quantified by errors of ¢;. According
to (42), if e;, (kK +1) <5 (here “5” is a tested value, which
is used to evaluate whether the prediction error has been kept
within the requirements), indicating that the average prediction
error is small, the basic damping is enough to help LCL-3LT?>C
maintain good performance. When e;,  (k+1) > 5, R} is
required to dampen the disturbance. It should be noted that
damping affects both the convergence time and steady error.
When e;, av,(k + 1) exceeds the threshold, damping will be in-
creases dynamically to ensure that the system converges quickly.
Subsequently, the steady-state error is considered.

After the injection damping is determined, the converter-side
voltage vRPC based on the EL model is obtained as follows:

PBC (44)

vNaB = Cpgci

where Cppc = [Iax2, O2x2, Oax2] , and the input vector  is
) T
defined as i = [vREC, vlf\],gﬁc, —VpcCa, —VpPccs, 00]
calculated by (20).
The calculation steps for the output voltage in the PBC using

the dynamic damping law are summarized in Algorithm I.

, and is

C. Design of PSMPC Controller

For the DDPB-MPC, there are two weighting factors in the
cost function (38). The objective variables in (38) have different
magnitudes, which means that it is time consuming to determine
Ao and Ay. To simplify the controller design, a new partial
sequential model predictive control (PSMPC) is used to reduce
the weighting factors. If there are s objectives in the MOOP, the
general expression of the PSMPC can be written as follows:

min f(z) = min [f1(z), fo(z), -, fu(@)]” 45
st {x e X T 46)

where f;(z) (i = 12,...,n) represents the division of MOOP
into n-layer subproblems by PSMPC, subscript ¢ is the opti-
mization order and s is the number of control objectives. The
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Algorithm I: PBC-Based on Active Damping Rejection.

Input: state variables and reference
Output: v1 B¢
Predict: e;,,(k + 1)
fori = 1;i <2514+ +
delay e;,, (k)
€itap (k - Z) = €itap (k)
end for
calculate: e;,,,(k +1),€;, ,,,(k+1) = (41)
Active damping rejection: R, — (42)
Ife; ., (k+1)<5

R,=R, + R,
else R, = Ry
end if

EL model stablishes — (20)
calculate:v B¢ — (44)

TABLE III
CANDIDATE SWITCHING WITH ABSOLUTE VALUE IN LAYER 1

Switching sequence Jul Description
1 0-0-0 Free
2 1-1-1 candidates
3 0-0-1
4 0-1-0
5 0-1-1 Limited
6 1-0-0 candidates
7 1-0-1
8 1-1-0

constraint (n < s) shows that the number of control layers in
the PSMPC is less than the number of control objectives. This is
because PSMPC optimizes nonconflicting control objectives in
the same layer. This constraint (n < s) ensures that the PSMPC
overcomes the suboptimization problem caused by traditional
SMPC.

In summary, different traditional SMPCs and proposed PSM-
PCs are not necessary to design an integrated cost function or
layer for each objective. The proposed DDPB-PSMPC controls
the nonconflicting targets in the same layers, thereby improving
control performances and reduce the control objectives.

In LCL-3LT%C, the control objectives are grid current is,
converter voltage vy" and NP voltage Av,,,. DDPB-PSMPC
inserts Avy, into the first layer (Layer 1) for the following
reasons: First, the prediction (13) of Av,,), has absolute value
characteristics. Hence, the number of switching vectors are sub-
stantially reduced, thereby increasing the computational burden.
In addition, the NP voltage balance impedes the unbalanced
charges and discharges of the device, protecting the hardware
setup.

When the NP voltage is arranged in the first layer of the
SMPC, the switching vectors reduces from 27 to 8. The absolute
switching vectors are listed in Table III.

Taking (13) as the cost function for Av,,), in layer 1 to balance
the NP voltage, Jayer1 can be expressed as follows:

s

T .
o el T ().

Jlayerl (|uk|) = (47)
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Sample / u(k —2|k—4) available
y
Up Compute Down
| Apply
Yulk-2|k-4)
- - ilabl
| sample u(/k 1|k —3) available
Up | Compute | Down Apply
yu(k—1k-3)
Sample / u(k |k —2) available
Up | Compute | Down Apply
r u(k|k-2)
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k4 k-3 k-2 k-1 k k+1

Fig. 3. Compensation of a time-delay of two sampling intervals, using an
initial state prediction.

The implementations of Layer 1 and 2 in PSMPC are illus-
trated in Fig. 3 and explained as follows:

Layer 1: Jiayer1 represents the change in Av,,, in one sam-
pling period. In Table III, the cost of free candidates equals
0. Consequently, the free candidates avoid the cost function
calculation in (38), which further alleviates the computational
burden. Contrarily, the cost of limited candidates varies. Based
on this rule, the candidate-reservation law in layer 1 is as follows:

1) After removing the absolute value, the free candidates
that comprise set u/ will be sent to the next layer directly
without cost calculation.

2) The cost of the limited candidates is calculated and classi-
fied according to (47). If Jiayer1 (Ju|) > 0, after removing
the absolute value, candidates belonging to u, are added to
the positive set w™. If Jiayer1 (|ux|) < 0, uj, would belong
to negative set u .

3) Sampling and calculating the voltage difference signal
Avpp(k), if Avyy(k) >0, the set w/ Uu~ is saved.
Conversely, the set u/ Uu™ is applied to the next layer.
(Note that the number of reserved candidates in Layer 1 is
changeable, assuming N represents the reserved vectors).

Layer 2: In PSMPC, the optimization of v{" suppresses
the resonance and improved the anti-disturbance ability of grid
current 4. Thus, v{" and 75 are placed in the second layer (layer
2) for simultaneous optimization. Since both control objectives
has different units and reference levels, a correction factor A, is
assigned to v{". The integrated cost function for i3 and vy" is
designed as follows:

Jlayer2 = ng(k + 1) - ZQ(k + 1)”3

o |[ORBC(R 1) — o (R + 1)|5 @8)

where A. is the weighting factor for v", which should be
properly selected to guarantee the tracking errors of 5 and v{"
are in the same order of magnitude. Then it can also be used as
a tradeoff between robustness and output current quality.

In (48), N candidates are inputted into layer 2, which simulta-

neously considered the anti-disturbance ability and quality of the
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Algorithm II: DDPB-PSMPC Method.
Input: variables and references
Output: u,,; (k)

Initialization: U7, v’(k) € |U,| — U’
for (i = 1;i <659+ +)
leayerl = Jlayerl (|ul(k)|)
Revivification |u’(k)| — U*(k)
if Jioyern 20U (k) CUT
elseU'(k) CU~
end if
end for
if Avg. >0 Ug =U" U U/
elseU;, =U" U U’
end if
for (i = 1,i < N,i++)
JZayerQ = Jlay5T2 (UZ2)
end for

uopt(k) = aTg(T’an {Jla,yer2(u(k))|i = 1--- N}

grid current. The final optimal vector ensures the performance
of the output current when disturbance occurred.

D. Implementation of DDPB-PSMPC Controller

Fig. 4 shows the control block diagram of the DDPB-SMPC
method, which includes the following modules: Clarke trans-
form, Kalman filter, prediction model, PBC with dynamic damp-
ing injection, and new SMPC module. The algorithm for the
DDPB-PSMPC is shown in Algorithm II.

Itis needed to note that revivification here indicates removing
the absolute symbol of (13) and restoring all the available
candidate vectors. For instance, the switching sequence (11 0)
has the same results in Jiyyer1 calculation with the switching
sequences (—1 —10), (=11 0), and (1 —10). After revivification,
the candidate vectors from layer 1 to 2 for the switching sequence
(11 0) will be restored to four candidate vectors [i.e., (=1 —10),
(=110), (1 -10), and (11 0)].

In summary, the implementation of DDPB-PSMPC is ex-
plained as follows:

1) Grid current ¢ and grid voltage v, are sampled at instance

k. Then, to reduce the number of sampling sensors, the
converter-side current ¢; and voltage of the filter capac-
itance v, are estimated using the Kalman filter. Subse-
quently, the prediction model of LCL-3LT2C is obtained
using (7).

2) By calculating the tracking error e; (k)using the
Lagrange-extrapolation method, the prediction error
ei, (k4 1) is obtained. Based on the damping injection
law in (42), R, is determined and the output voltage v5E¢
based on the EL models (20) and (44) is calculated. v?\?c
is sent to the SMPC as a modified reference of vy .

3) According to NP voltage Awv,,,(k) in (13), the N candi-
dates saved in layer 1 are all inputted into layer 2. Since
the optimization of i5 and vy focuses on the quality of the



8272

Layer I: NP voltage control [
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Fig. 4. Flowchart of the proposed two-layer PSMPC controller.
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Fig. 5. Block diagram of the DDPB-PSMPC control for LCL-3LT>C GCC.

grid current, both objectives are arranged in layer 2. By
tracking vXPC, the robustness of the LCL-3LT>C GCCs is
improved by PSMPC. Finally, the optimal vector with the
minimum Jiayer2 18 selected.

E. Time-Delay Analysis

So far, we have assumed an ideal discrete-time setup without
any time delay between the sampling of the measurements and
the application of the new switch position. In a practical setting
of the T-type converter, however, physical limitations cause a
time-delay between the sampling of the measurements and the
application of the new switch position. The most prominent and
commonly encountered sources of delays contain: measurement
delay, uplink communication delay, computation delay, down-
link communication delay, and actuation delay.

To compensate the time-delay in practice, as shown in Fig. 5,
we add Step O to the control algorithm. Step O performs the
initial state prediction and projects the stator current sample
from time step k-1 to k. Also, the grid current reference needs
to be projected one time-step forward. With the given grid
current reference. At time step k — 1, the predictive current
control algorithm computes uoy (k|k — 1), which is applied at
time-step k. This procedure is repeated at the next time step.

1) The grid current at time step k — 1 is sampled, and the
current at time step k is predicted using the initial state
prediction (7).

Given the switch position w (k — 1|k — 2) and consider-
ing the constraints on the switching transitions, the set of
admissible switch positions at time step &, U(k|k — 1), is
determined.

For each switch position u(k|k — 1) € U(k|k — 1), the
grid current at time step k+1, is (k + 1), is predicted using
the model (7).

The switch position wp (k|k — 1) with the minimum cost
is determined and applied to the inverter.

2)

3)

F. Stability Analysis

Considering that the contribution of this article is to combine
dynamic damping injection of PBC control with model predic-
tive. Therefore, the stability analysis here aims to demonstrate
the stability of LCL-interfaced grid-connected converter with
MPC controller. Assume that the description of a state-space
model considering the model uncertainty is

z (k+1)= Az (k)+ Bu(k)+Td (k)

Ye (k) =Xz (k) “9)
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Where (k) € R™= is the state variable, u(k) € R™ is the input
control variable, y.(k) € R™< is the output control variable, and
d(k)isequalto vg (k). Note that, here, the grid voltage is defined
as the disturbance.

To reduce the steady-state error, we can rewrite the system of
(49) as an increment model as follows:

Az (k+1)= AAz (k) + BAu (k) + TAd (k)  (50)

where Az (k)= z(k)—x(k—1), Au (k)= wu(k)—
u(k — 1), Ad (k) = d(k) — d(k — 1). The system prediction
error at instant k£ + 1 can be expressed as follows:

Ep (k+1k)= R(k+1)-Y (k+1)
=R (k+1)—8, Az (k) Ty (k)

— SaAd (k) — SyuAu (k) (51)
where
S, = AArA224% .. 2AN]"
1 = [Incxnc Incxnc Inc><nc ]T
AB 0 o 0
AAB AB e 0
Sq = )
rAY'B AAN’B AB
AT 0 o0
LAT AT e 0
Sy = )
AANTIT AANTET AT

Based on the principle of MPC, only the first element of the
open-loop optimal control sequence acts on the T-type converter,
ie.

Au = [I nexne 0

where AU™ is the optimal control sequence, expressed as fol-
lows:

0] AU* (k) (52)

AU* (k) = (SITTT,S, +TIT,) " SITTEp (k+ 1]k).

(53)

Defining the control gain K . of the prediction controller as
follows:

Kupe = [Inexne 0 -+ 0], (SiTIT,S,

+ TI7,) 'STTTEp (k+ 1]k). (54)
Aw(k) can be derived using (47) and (48) as follows:
Au (k) = Kype Ep (k+ 1]k)
= Kupe (R(E+1)— S, Az (k)
— ez (k) — SqaAd (k)
=Kunpe R(k+1) — Kmpe (S + TAe) Az (k)
— Kupe e (k — 1) — Kmpe SaAd (k). (55)

8273

Fig. 6.

Experiment platform and designed 3LT2C.

Thus, the closed-loop system can be expressed as follows:
Az (k+1)= (A— BKmpc (Sz + TA.)) Az (k)
+ BK R (k+1)+ (T — BKypeSq)
Ad (k) — BKynp Acx (k—1). (56)

Therefore, when all the characteristic roots of the matrix
A — BK ,pc(Sz + TA.) are located within the unit circle, the
closed-loop control system is stable. For an LCL-interfaced
T-type grid-connected converter, K . is the optimal switching
sequence that can minimize the cost function, which should
satisfy |A — BK npe (S + TAe)| < 1. Thus, for the MPC con-
trol problem without constraints, the calculated K, should
be substituted to the characteristic roots of the matrix A —
BK 1pc(Sz + TAc). The one that does not satisfy the character-
istic equation should not be selected. Thus, the selected K ype
among all the switching sequences can guarantee the system
stability.

VI. EXPERIMENTAL RESULTS

A. Hardware Setup

1) Experimental Platform: To verify the effectiveness of the
proposed DDPB-PSMPC method, a three-phase LCL-3LT*C
GCC with a rated power of 10 kW at 380 V ac 50 Hz was
built in the laboratory. The rated nominal and max input voltage
at 500 V and 1000 V dc, the converter efficiency may reach a
semiconductor efficiency of 8 kHz. These features reduce the
size of magnetics for the LCL-filter design and as a result a
higher power density.

The laboratory platform is shown in Fig. 6. In the experiment,
A programmable ac source Chroma 6590 is applied to emulate
the harmonics and impedance of the grid. The DDPB-PSMPC
algorithm is executed using a 32-bit floating-point digital sig-
nal processor (DSP-TMS320F28379 from Texas Instruments
Company), which is typically used for fast and complex dig-
ital calculations and control algorithm implementations. The
3LT2C converter (see Fig. 1) comprised six 1MBHS50D-060
(600 V/50 A) insulated gate bipolar transistors (IGBTs) and six
2MBI150U2A-060 (600 V/150 A) IGBTs for vertical and hori-
zontal bridges, respectively. The hardware platform parameters
are listed in Table I'V. In addition, to purpose a fair competition,
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TABLE IV
FILTER DESIGN SPECIFICATIONS

Parameters Symbol Value
Average switching frequency fsw 22 kHz
Ripple coefficient Y%ripple 2.5%
reactive power of filter capacitor Y%x 5%
Ratio r 0.5
TABLE V
PARAMETER SPECIFICATION
PARAMETERS SYMBOL VALUE
RATED POWER P, 10 kW
DC-LINK VOLTAGE Ve 500V
GRID VOLTAGE (RMS) eg 1ov
GRID FREQUENCY fq 50Hz
DC-LINK CAPACITANCE Cac 560 uF
CONVERH”I\"I]IEDIE CATTZ[I)\I g};m SIDE Ly, L AmH.2mH
FILTER CAPACITANCE Cr 4 ur
CONVERTER-SIDE RESISTANCE Ry 0.26 02
GRID-SIDE RESISTANCE R, 0.26 12
SAMPLING TIME T 20 us
WEIGHTING FACTOR A 1/8

TABLE VI
PARAMETER SPECIFICATION OF MPC CONTROLLER

Method Symbol Explanation Value
A-MPC M Weighting factor of i; 0.90
(i102A0y;) Ay Weighting factor of Avy, 3

A Weighting factor of i; 0.95

B-MPC Weichting f A

(ichizAVnp) Az eighting factor o Vnp 25

A3 Weighting factor of v, 0.05

DDPB- Weighting factor of v§’™"

PSMPC Ac 0.125

the detailed parameters of proposed DDPB-PSMPC and tradi-
tional MPC (including A-MPC and B-MPC) methods are shown
in Table VI.

In experiment, to verify the effectiveness of the proposed
controller under weak and unbalanced grid, a grid emulator
Chroma 61800 is used, which can be applied to the test of general
electrical products (e.g., household appliances, switching power
supply).

2) Computation Burden Analysis and Requirement for the
Microprocessor: To implement and compare the three typical
predictive controllers, namely, DDPB-PSMPC, A-MPC, and
B-MPC methods, the calculation burden analysis is required. To
evaluate the computation burden of different control methods,
two breakpoints are set in the program debugging environment
CCS10.1 for the digital-signal-processor (TMS320F28379D),
the time difference between the two breaking points is the
calculation time. The results indicate that, the calculation time
for DDPB-PSMPC takes about 44 us, compared with 42 and 45
us with A-MPC and B-MPC methods. indicating that DDPB-
PSMPC method consumes similar computation burthen as two
traditional MPC methods. For DDPB-PSMPC, it is necessary to

calculate the passive converter side voltage vREC as the reference
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of v§" and determine the damping term R, before applying

PSMPC, the computation burthen is increased. However, when
calculating the cost function of layer I in PSMPC, the absolute
value characteristics of the NP voltage cost function (47) are
used, the switching vectors are reduced from 27 to 8, so the
number of cost function calculations is reduced. However, as
for two traditional methods, 27 switching vectors are required
for (36) and (37).

3) Selection of LCL-Filter Parameters: The typical formulas
for calculation of the LCL-filter parameters are given as follows
[42], [43]:

1) Selection of L1

The primary component is the inverter inductance, or L,
which can be derived using

Vdc

I, —
P78 x fsw X ige x %ripple

(57)

Where fsw, Vic, ige and Y%ripple represent the switching
frequency, dc-link voltage, rated grid current, and percentage
of the current variations.

2) Selection of C'y

The sizing of the primary filter capacitor C'; is handled in a
similar fashion using (58)

%x X Qraled

Cr <
J= 0 f, % V2

(58)

Where %z, Qraed; [, and V; are the percentage of the total
reactive power absorbed by the filter capacitor, the rated reactive
power, the grid frequency, and grid voltage.

3) Selection of Lo

For Lo design, the attenuation factor I, can be derived as
follows:

1

’1—&—7“ X (1 —Ly1-Cy - (27rfsw)2:v)‘

Where r is the ratio between the two inductors, which can be
derived as r = |W| . Thus, the resultant value for
Lo is then given as Lo = r X Lj.

Based on (57)—(59), the design parameter requirements are
selected in Table IV and the resulted LCL-filter parameters as

well as the weighting factors are given in Tables V and VI.

Ty = x 100% (59)

B. Grid Current Without Disturbance

Compared to i1i2vp,-MPC (referred as “A-MPC”) and
11V¢420,,-MPC (referred as “B-MPC”), the merits of proposed
DDPB-PSMPC are evaluated under the following three scenar-
ios.

1) Steady-state responses of grid current and harmonic distribu-
tion analysis.

2) Dynamic responses of the grid current when reference current
increases from 15 to 30 A.

3) Balance ability of the NP voltage.

1) Steady-State Response: Fig. 7 shows the steady-state
waveform and harmonic distribution analysis of grid currents
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Fig. 7. Steady-state grid current and harmonic distribution. (a) DDPB-
PSMPC. (b) A-MPC. (c) B-MPC.

with a reference of 15 A. The THD of DDPB-PSMPC, A-MPC,
and B-MPC were 0.98%, 2.68%, and 1.29%, respectively. With
DDPB-PSMPC, the maximum harmonic distribution of grid
was 0.51%, whereas those of A-MPC and B-MPC are 1.5%
and 0.66%, respectively. This shows that the DDPB-PSMPC
has the best harmonic suppression capability. Furthermore, the
DDPB-PSMPC maintains a very low harmonic content in the
low-frequency range.

2) Dynamic Response: To further compare the dynamic re-
sponse of the three methods, dynamic response experiment is
carried out under unbalanced grid. Fig. 8(a) shows that the
proposed method has the fastest dynamic response time. The
grid current is transformed to the dg-frame and the unbalance
degree of the grid voltage is 30% (the unbalanced grid condition
is realized by Chroma 61800). A step-down of the reference
current first occurs from 15 to 5 A, and then rises to 20 A after
0.15 s. When the reference current drops, with DDPB-PSMPC,
14 1s stabilized after about 14 ms. Then, when the reference rises
from 5to0 20 A, 74 stably tracks its reference after 11 ms. Also, as
shown in Fig. 8(a), because of the injected damping, the changes
of its reference have slight effect on i, , the coupling between
1q and i, can be ignored.

For the A-MPC method in Fig. 8(b), when the reference
decreases, both 74 and ¢, undergo obvious transient oscillations.
Take ¢4 as an example, it restores stable state after three os-
cillations (about 75 ms in total). When the reference rises, it is

Oscillation W\Mm
At
A — A t—>

| MWM,J
A-MPC M\J\WY\‘WN@MWWM@W

i,(10 A/ div)

t (50 ms/div)
. 15ms
ld\ PR
z Ao
z
< .
= Y
:::n \ “w N P 8"‘“_: 29Ams
AWV nanasss
B-MPC 1 2
t (50 ms/ div)
©
Fig. 8.  Dynamic response of the grid current under dg-frame. (a) DDPB-

PSMPC. (b) A-MPC. (c) B-MPC.

stabilized after about 14 ms. With B-MPC method in Fig. 8(¢c), ¢4
and 7, oscillate twice (about 47 ms in total) when the reference
is decreased, and the performance is similar with that of the
A-MPC controller when the current is increased.

In summary, compared to A-MPC and B-MPC methods,
DDPB-PSMPC reduces one optimization objective and has less
fluctuations as well as fastest dynamic response, which further
proves its superiority.

3) Balance of the Neutral-Point (NP) Voltage: For a 3LT>C
converter, it is vital to balance the NP voltage. Fig. 9(a)—(c)
show the NP voltage difference Av,,, when the reference current
is 15 A. It can be clearly observed that Av,, is efficiently
suppressed with DDPB-PSMPC, A-MPC, and B-MPC methods.
The fluctuation range of Aw,,, is limited to [-100 mV, 4200
mV].

C. Robustness Analysis

To verify the robustness of the proposed method, two scenar-
ios are tested.

1) The anti-disturbance capability under parameter variations of
the LCLfilter.

2) Grid current nonlinear filter parameters.

3) Robust performance of the grid current and voltage under
external disturbances (e.g., grid inductance changes, distorted
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Fig. 9. Neutral-point voltage variations AV},,,. (a) DDPB-PSMPC. (b) A-
MPC. (c) B-MPC.

grid voltage, and low-voltage ride through testing (LVRT)
capability.

4) Tracking performance of the grid current under unbalanced
grid.

1) Grid Current Under Filter Parameter Variations: For
3LT?C GCCs, the internal disturbance mainly originates from
the changes in the LCL-filter parameters. This experiment aims
to verify the robustness and output performance of the system
under parameter mismatches.

Fig. 10 shows the waveforms of the grid current with the
DDPB-PSMPC, A-MPC, and B-MPC methods. The parameters
of LCL-filter in Table IT increased by 200%. The results show that
the A-MPC method could not track the reference consistently,
revealing that it is sensitive to parameter changes. When internal
disturbance occurs, the THD of grid current with DDPB-PSMPC
18 1.57%, which is 28 % lower than that with B-MPC. The content
of the maximum harmonic order (750 Hz) is 1.1%, while that
with B-MPC is 1.85%.

Fig. 11 shows the grid current when parameters of LCL-filter
decreased by 50%. The grid current under A-MPC components
contained rich harmonic, indicating that the performance of
A-MPC is the worst. For DDPB-PSMPC, the THD and maxi-
mum harmonic distribution of grid current are 3.40% and 1.1%,
respectively, which are slightly higher than B-MPC.

2) Grid Current Under Nonlinear Filter Parameters: To ver-
ify the performing of the proposed PPPB-PSMPC under more
complex load condition with nonlinear characteristics. The grid-
side inductance L, is replaced by a nonlinear inductance with
magnetic flux saturation characteristics of the iron core, where
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Fig. 10. Grid current under an increase of the LCL-filter parameters.

(a) DDPB-PSMPC. (b) A-MPC. (c) B-MPC.

the nonlinear characteristics of the magnetic flux and the current
are approximately expressed as follows [44], [45]:

1 tanh 1
~ 1000 " <10>

Where ¢ is the flux of iron core in nonlinear inductance, and
I represents the inductor current. Equation (60) shows that the
inductance is changeable with its current. It is needed to note
that, (54) is an experienced expression, the magnetic flux is
influenced by many factors, thus (60) may not be so accurate
in practice.

In experiment, to achieve fast switching between different
grid-side inductance and ensure that its current will not interrupt,
the designed filter switching circuit is shown in Fig. 12. 57 and
S5 are bidirectional power transistors. In normal operation, Ssis
turned OFF and S is turned ON. After several microseconds, Sy
is turned ON and S, is turned OFF, the nonlinear inductance Loy
is series connected with L, and CY.

Fig. 13 shows the waveforms of the grid current with nonlinear
inductance under three methods. Fig. 13(a) depicts the nonlinear
relationship of magnetic flux versus current in (60). When
the inductance current changes continuously, the magnetic flux
does not change linearly. Therefore, when the output current
passes through the inductance, its value exhibits nonlinear
variation.

(60)
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Fig. 11.  Grid current under a decrease of LCL-filter parameters. (a) DDPB-
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Fig. 12.  Block diagram of the experimental LCL-GCCs with different groups
of filter parameters.

When switching to the nonlinear inductance, among the three
methods, the distortion of grid current under DDPB-PSMPC is
the slightest, and its THD is the lowest (8.8%). Compared with
DDPB-PSMPC, the THD of A-MPC increased by 3.8%, and
grid current is distorted seriously. The THD of B-MPC method
(10.7%) was lower than that of AMPC (12.6%), but higher than
that of DDPB-PSMPC.

3) Grid Current Under External Disturbances:

a) Impact of grid impedance: For external disturbances,
the impacts of grid impedance, grid voltage distortion, and LVRT
on the performance of the proposed method are evaluated. The
experiment verifies the improvements in the system robustness
using DDPB-PSMPC.
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Fig. 13. Grid current with nonlinear inductance. (a) Magnetic flux versus
current. (b) DDPB-PSMPC. (c) A-MPC. (d) B-MPC.

Fig. 14 shows the tracking performance of the grid current
when an additional grid inductance L, is added to LCL-3LT*C.
When L, = 8 mH, the THD of the grid current with the
DDPB-PSMPC, A-MPC, and B-MPC methods are reduced. The
disturbance intensified when the grid inductance increased to 20
mH. After the transient-state process, the THD of the grid current
with DDPB-PSMPC is 0.98%, which is 0.14% higher than that
before grid inductance changes. The THD of the grid current
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Fig. 14.  Grid current with an increase of grid inductance. (a) DDPB-PSMPC.
(b) A-MPC. (c) B-MPC.

with A-MPC increased to 3.41%, while that with B-MPC in-
creased from 1.10% to 1.91%. For both methods, the waveforms
are obviously distorted. This shows that the DDPB-PSMPC is
more robust under grid impedance variations.

b) Distorted grid voltage: The grid voltage vp.. can be
distorted when the 3L>TC is connected to the grid. The per-
formances of the three control methods under a distorted grid
voltage is tested. In Fig. 15(a), different harmonics (5th, 7th,
11th, 13th, and 23rd) are injected into the grid by a grid emulator.
As shown in Fig. 15(b)—(d), the THD of grid current under
DDPB-PSMPC, A-MPC, and B-MPC are 3.58%, 5.06%, and
3.85%, respectively. Compared to both conventional methods,
DDPB-PSMPC has a better power quality for grid currents under
distorted grid voltage.

c) Grid current and voltage under LVRT: Fig. 16(a)—(c)
show the grid current under LVRT. When the amplitude of the
grid voltage drops by half, after a transient oscillation, as shown
in Fig. 16(a), the grid current under DDPB-PSMPC is stabilized.
However, under A-MPC method in Fig. 16(b), LVRT shocks the
grid current fiercely, there are several periodical oscillations.
As shown in Fig. 16(c), two oscillations are observed for B-
MPC and slight fluctuations accompanies the grid current when
it enters a stable state. The results show that DDPB-PSMPC
has good LVRT capability and has an excellent anti-disturbance
ability.

Fig. 17 shows the waveforms of the grid voltage and current
in abc-frame under LVRT using grid emulator Chroma 61800.
With DDPB-PSMPC, after a short period of adjustment, the grid
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current is stabilized without additional harmonics. However,
when LVRT occurs, the current harmonics under A-MPC control
increase significantly (about 7.68%), because the disturbance
injects to 3LT?C cannot be eliminated in time. Oscillation of
the grid current will continue. With B-MPC controller, the grid
harmonic is lower than that of A-MPC, but still higher (about
2.61%) than that of DDPB-PSMPC (about 1.04%).

In summary, the proposed DDPB-PSMPC controller exhibits
better robustness under LVRT, this also demonstrates its advan-
tages over existing methods.

d) Unbalanced grid: Fig. 18 shows the waveforms of the
grid current under unbalanced grid. The unbalanced degree
of the grid is 30% (the unbalanced grid condition is realized
by Chroma 61800). The effective values of the three-phase
grid voltage Vyq, Vgp, and Vi, are about 110, 143, and 77 V.
The grid currents with DDPB-PSMPC, A-MPC, and B-MPC
controllers are shown as Fig. 18(b), (c), and (d), respectively.
The results indicate that THD of the grid current is 2.40% when
DDPB-PSMPC is applied, which is the lowest among three
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methods while that with A-MPC and B-MPC are 3.06% and
2.90%, respectively. This also demonstrates the advantage of
the proposed method over existing controllers.

D. Summary

The performance of LCL-3LT>C under DDPB-PSMPC, A-
MPC, and B-MPC is evaluated under internal disturbances
(e.g., filter parameter variations) and external disturbances (e.g.,
LVRT, unbalanced grid, weak grid, etc.). Summarily, although
the A-MPC is simple, it has the worst robustness, and which
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is sensitive to disturbances. Compared to B-MPC, the DDPB-
PSMPC method reduces the control variable. Notably, DDPB-
PSMPC is more robust to system parameter variations and
disturbances.

VII. CONCLUSION

In this study, a DDPB-PSMPC is proposed to suppress the
resonance and improve the anti-disturbance strength of LCL-
3LT2C when connected to a grid. According to the prediction
error of the converter-side current, the DDPB-PSMPC injects
dynamic damping into the PBC and the output voltage of the
PBC controller is sent to the PSMPC controller as the refer-
ence. By tracking the PBC-voltage in PSMPC, the robustness
of the LCL-3LT?C system is strengthened and its resonance
phenomenon is successfully suppressed. In addition, aiming at
the time-consuming task to determine the optimal weighting fac-
tors in traditional MPC, DDPB-PSMPC allocates nonconflictive
objectives in the same layer, thereby reducing the number of
weighting factors and improving the system performance. The
experiment compares DDPB-PSMPC to two existing traditional
methods under internal and external disturbances and the results
reveals that DDPB-PSMPC could effectively suppress reso-
nance. Compared to 41 V.42 Avy,,-MPC, DDPB-PSMPC not only
reduces the control objectives but increases the comprehensive
anti-disturbance capability. The DDPB-PSMPC provides a new
robust control for disturbances that could be applied to other
GCCs.
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