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Abstract—In this paper, a new model predictive direct current
control (MPDCC) strategy is proposed for a medium-voltage (MV)
neutral-point-clamped converter with an LC L-filter-based con-
nection to the grid. The proposed strategy addresses the issues of
resonance damping and harmonic attenuation through the virtual
resistor (VR) concept, and is thus, termed MPDCC-VR. Because
MPDCC is capable of achieving very long prediction horizons, the
VR-based reference terms are predicted in conjunction with the
state trajectories at each time-step, thus enabling more accurate
decisions to be made by the controller. Simulation results verify
the applicability of the MPDCC-VR to an MV case study. It is
shown that the proposed approach exhibits a very good level of
steady-state performance in the presence of grid voltage distor-
tion, and at the chosen operating point is capable of substantially
outperforming multiloop control with space vector modulation.
Experimental results, which are provided for a down-scaled proto-
type, show excellent agreement with those obtained in simulation,
further validating the proposed MPDCC-VR strategy.

Index Terms—Current control, grid-connected converter, LCL-
filter, model predictive control (MPC), neutral-point-clamped con-
verter.

NOMENCLATURE

uqpe  Converter switching state vector.

v Converter output voltage vector.

) Converter current vector.

ig Grid current vector.

Ve Capacitor voltage vector.

Uy Grid voltage vector.

Up Neutral-point potential.

0; Converter current bound width.

z;‘c Fundamental converter current reference.

Resonance damping converter current reference.
%y,  Harmonic attenuation converter current reference.
Virtual resonance damping resistor.

Virtual harmonic attenuation resistor.
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I. INTRODUCTION

N recent years, model predictive control (MPC) has gained
I substantial attention within the power electronics commu-
nity [1], [2]. Among the main advantages of MPC is the ability
to handle input, state and output constraints, multiple inputs
and outputs, and nonlinear dynamics in a straightforward man-
ner [2]. Among the most commonly reported applications of
MPC in power electronics are machine drives [3]-[5], stan-
dalone inverters [6], and converters, which are connected to the
grid through a series inductor (sometimes referred to as an “L-
filter) [7], [8]. Although several variants of MPC have been
developed within power electronics, the finite control set-MPC
(FCS-MPC) approach has become the best known [1], [2]. FCS-
MPC is formulated without a PWM stage, instead approaching
the control task as an online optimization problem, with the
switching state that is predicted to minimize a given cost func-
tion applied to the converter at each time-step [9]. Although
typically formulated with a prediction horizon of one time-step
[1], it has recently been shown that by adopting the appropriate
mathematical programming techniques, the prediction horizon
can be extended over multiple time steps without the computa-
tional burden becoming excessive [10], [11].

An alternative MPC-based approach has also emerged in
parallel with FCS-MPC. Model predictive direct torque con-
trol (MPDTC), presented in [3] and [12]-[14], was developed
specifically for the control of medium-voltage (MV) induction
machine (IM) drives. Like FCS-MPC, MPDTC directly con-
trols the switching state of the converter. However, by regulat-
ing the output variables within a given set of bounds, and by
utilizing the concept of trajectory extension, MPDTC is able to
achieve long prediction horizons. Consequently, very low de-
vice switching frequencies can be achieved, making MPDTC
very well suited to MV applications [3], [12]-[17]. A natural
extension of MPDTC is model predictive direct current control
(MPDCC), which in the context of an IM directly regulates the
stator currents [16]—[18].

In grid-connected applications, LC' L-filters are of significant
interest due to the high level of harmonic attenuation that is
offered relative to series inductors. In MV applications, such
filters are of particular importance, as the higher level of har-
monic attenuation that is offered may enable the converter to
operate at a lower switching frequency than is possible with
a series inductor, while operating within acceptable harmonic
limits. The main challenge in the development of suitable con-
trol strategies for LC'L-filter-based setups is the damping of the
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resonant frequency(ies) of the filter. To date, the issue of res-
onance damping has mainly been addressed through multiloop
control (MLC) [19], [20], virtual resistance (VR) [21], [22], and
filter-based [23], [24] active damping (AD) concepts. Although
passive (resistor-based) damping is also possible, the reduced
efficiency makes AD solutions preferable. An additional chal-
lenge is the mitigation of grid voltage harmonics, which can
degrade the performance of the system if not adequately com-
pensated for [19], [25].

Although a number of papers have proposed MPC strate-
gies for low-voltage (LV) grid-connected converters with LC'L-
filters, see e.g., [26] and [27], very few works to date have
addressed the problem of developing such strategies for MV
converters. In [28], a FCS-MPC-based current control strategy
is developed for a neutral-point-clamped (NPC) converter with
an LC L-filter. The proposed strategy incorporates tuned digital
filters to address the issue of resonance damping, and for the
chosen case study, the switching frequency of the converter was
approximately 1 kHz. In [29], a predictive current controller
was proposed for a similarly rated NPC converter-based sys-
tem, with the main advantage of the proposed strategy being
improved performance in the presence of grid faults. Both [28]
and [29] feature a short prediction horizon of one time step. In
[30], a similar problem, namely the development of an MPC
strategy for a MV IM drive with an LC-filter, was addressed.
The proposed strategy was based on an early iteration of the
MPDTC algorithm, and incorporated the VR concept in order
to damp the resonance of the filter. The proposed strategy was
shown to achieve lower switching losses than the conventional
DTC.

In this paper, we present a new MPDCC strategy for the
control of MV grid-connected NPC converters with LC'L-
filters [31]. The proposed strategy addresses the issues of res-
onance damping and harmonic attenuation through the VR
concept, and is thus termed MPDCC-VR. Unlike the strate-
gies proposed in [28], [29], MPDCC is capable of achieving
very long prediction horizons. As such, the VR-based refer-
ence terms are predicted in conjunction with the state trajec-
tories at each time-step, enabling more accurate decisions to
be made by the controller. The key benefit of the proposed
strategy is the fact that very low switching frequencies can be
achieved in conjunction with high levels of resonance damp-
ing and harmonic attenuation, allowing the converter to op-
erate within acceptable harmonic limits, i.e., those specified
by IEEE Std. 519 [32], even in the presence of grid voltage
distortion.

Simulation results verify the applicability of MPDCC-VR to
an MV case study, and it is shown that MPDCC-VR achieves
switching frequencies as low as 300 Hz while operating within
the limits specified by IEEE Std. 519. The steady-state perfor-
mance of MPDCC-VR is also compared against that of MLC
with space vector modulation (SVM), and at the chosen oper-
ating point, it is shown that MPDCC-VR improves upon the
switching frequency of MLC with SVM by between 23.6% and
34.9%. Experimental results are presented in order to verify
the practical viability of MPDCC-VR. The performance of the
down-scaled prototype shows excellent agreement with the re-
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Fig. 1. Representation of a three-phase NPC converter connected to the grid

via an LC L-filter.

sults obtained in simulation, further validating the MPDCC-VR
strategy.

II. SETUP AND CONTROL PROBLEM
A. Setup

A representation of the system under consideration, which
consists of a three-phase NPC converter connected to the grid
via an LC'L-filter, is shown in Fig. 1. The converter switching
state is denoted

Uabe = [ua Up U(:]T S {—1707 1}3 (1)

The sum of the voltages across the upper and lower capacitors
is equal to the total dc-link voltage, i.e., Vg = Vo, + Vo, . The
neutral-point potential, which is defined relative to the mid-point
of the dc-link, is given by v, = (Vi, — Vir, ) /2, which under
balanced conditions, when Vi, = V¢, , is zero.

The three-phase converter current, grid current, capacitor
voltage, and grid voltage vectors are defined as i, = [i, 1 ic]T s
ig,abc = [iga Z.gb igc]T, Ve,abe = [Uca Uch UCC]T’ and Vg,abc =
[Vga Vg vge)” , Tespectively. Variables &qpc = [€, & &.]7 in the
three-phase abe reference frame are transformed to & = [€, &3]
in the orthogonal a0 reference frame through

2
§ = 5 P&ube (2)
3
where P is the transformation matrix
1 1
P= b 3)
o B |
2 2
Conversely, & can be transformed to ;. via
T
gub(: =P g 4)
The af-frame converter current, grid current, capacitor volt-
age, and grid voltage vectors are denoted i = [i, is]", iy, =
liga igs)", Ve = [Vea Vet and vy = [vg4 vy5]T, respectively.

B. Control Problem

The aim of the controller is to control the grid currents such
that the real and reactive power delivered to and/or drawn from
the grid are regulated to their desired values. For the LC'L-
filter-based setup under consideration, the proposed MPDCC-
VR strategy achieves this implicitly, by directly controlling the
converter currents.

Within the MPDCC framework, each output current is reg-
ulated within a symmetrical set of bounds defined about its
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respective reference [18]. This results in the output currents
having a relatively flat harmonic spectrum, with the width of the
current bound, denoted §;, being approximately proportional to
the harmonic distortion of the output currents. However, inspec-
tion of the s-domain transfer function relating the grid current
i4(s) to the converter current i(s), given by

ig(s) 1
i(s) ©)

s2L,C 4+ sR,C + 1
where C'is the filter capacitance, L, is the grid-side inductance,
and R, is the grid-side resistance, reveals that a resonant fre-
quency between the converter- and grid-side currents emerges
at

1 1

fi=
At f1, the gain between the converter- and grid-side currents is
very high, being limited only by the series resistance of the filter
inductors. Consequently, if the conventional MPDCC algorithm
was directly applied to the control of the converter currents,
the resonant frequency f; would be excited, with significant
harmonic distortion being present in the currents delivered to
the grid as a result. Consequently, the MPDCC-VR strategy is
developed such that harmonic content in the vicinity of f; is
eliminated from the converter currents.

Because the neutral-point potential of the converter varies
with the switching state and converter currents, it also needs
to be regulated within a set of bounds, the width of which
is denoted ¢, . Directly regulating the neutral-point potential
is standard for MPC-based strategies for NPC/diode-clamped
converters, see e.g., [3]. Consequently, an overall output vector
y, containing the variables to be directly controlled, can be
defined as'

y = [iL,, va]" = [iq ip ic va]". (7)

MPDCC-VR also aims to minimize the average device switch-
ing frequency of the converter. In MV NPC converter applica-
tions, where MV-insulated gate bipolar transistors (IGBT) and
integrated gate-commutated thyristors (IGCT) are the main de-
vices, the switching frequency is usually limited to no more than
500 Hz.

III. MODEL PREDICTIVE DIRECT CURRENT
CONTROL STRATEGY

A. Internal Control Model

In order for the controller to predict the trajectories of the
output variables in response to input sequences, a discrete-
time internal control model is required. As a first step, the
converter needs to be modeled. The continuous-time dynam-
ics of the neutral-point potential, v,,, depend on the switching
state, .., and the converter currents, 7,;., and can be described

! Alternatively, the output vector can be defined in terms of the o-frame
currents, although with symmetrical bounds this approach has been stated to
offer a slightly lower performance than the abc-frame definition [18].
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according to

dvy, 1 7.
= 5~ |Uabe abe 8
dt 2C 4. |u b ‘ tab )
where Oy, Cy = Cy. and |ugpe| = [|ua||up||uc|]” . For a three-

wire system, such that i, + ¢, + i 20, v, is only affected
when one or two of the switching states are equal to zero.

The converter switching-state, ., can be related to the out-
put voltage at the terminals of the converter, v p. = [v, vy UC]T,
via

Yo fde if g, € {-1,1}
,m € {a,b,c} (9)

Uy = .
m Up ifu, =0

where v,, vy, and v, are defined relative to the midpoint of the
dc-link. Subsequently, v,;. can be converted to the aG-frame,
yielding v = [v, v3]", through

2

V= gPuabc.

For the sake of brevity, a function mapping ;. to v will be
denoted v = f, (Uabe, Ve, Vn)-

Next, the continuous-time dynamics of the currents and volt-
ages within the filter can be modeled. By defining the state vector
x as being composed of the a3-frame converter current, grid
current, capacitor voltage, and grid voltage vectors, respectively,
such that

10)

T = [iT zg vCT UE]T = [ia 18 Tga 198 Vea Vel Vga v_,,g]T
(1)
the state equation can be written as
d
C17?:1433_‘_31):14-1'"i_va(uabca‘/dcavn) (12)
where the matrices A and B are given by
-_n 1 -
- 0 0 60 & 0 0 0
o £ o o 0o F 0 o0
0 0 F= 0 £ 0 £ o0
—R, 1 —1
0 0 o — 0 - 0 ==
a= | L g a3
z 0 = 0 0 0 0 O
1 —1
0 = 0 = 0 0 0 0
0 0 0 0 0 0 0 -—w
L O 0 0 0 0 0 w 0 ]
L 000000 0]
B = (14)
(0 £ 00 0 0 00

where L and R are the converter-side inductance and resistance,
respectively, C, Ly, and R, are as defined in the previous sec-
tion, and w = 27 f, where f is the frequency of the grid.

In order to serve as a useful prediction model for the con-
troller, the continuous-time model needs to be converted to dis-
crete time, within which k£ € Nj denotes the current time-step
and T denotes the sampling interval. Due to the differing na-
ture of the dynamics of the neutral-point potential and the filter
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states [see (8) and (12)], we utilize two coupled discrete-time
models. The first describes the nonlinear discrete-time dynam-
ics of the neutral-point potential and is based on forward-Euler
discretization. By recalling (4), (8), and (11) and noting that
dv, 1

a = i(vn(k‘ +1) - Un<k))

it is possible to state that

5)

T,
(k4 1) = 5 fuane ()T [P Ogs (k) + 0 (k) (16)

with .. (k) and 2(k) defined in the same manner as (1) and
(11) and where 03¢ denotes the 3 x 6 zero matrix. The linear
dynamics described by (12) can be discretized according to

x(k+1) = Fa(k) + Gfy (uape (k), Vac (k),vn (k) (A7)
with F" and G given by
F=eT G=AYF - IL.s)B (18)

where Ig.g denotes the 8 x 8 identity matrix. It is easy to see
that the discrete-time output vector y(k), defined in the same
way as (7), is found via

y(k) = [([P" O3] (k) va ()] -

Equations (16)—(19) provide a complete discrete-time internal
control model, with which the controller can predict the evo-
lution of the output in response to a given input sequence. It
should be noted that the model assumes that the dc-link volt-
age remains constant for the duration of each prediction, i.e.,
Vie(k +¢) = Vac(k), V0 € {0,1, ..., N, — 1}, where N, is the
prediction horizon.

19)

B. Filter Resonance Damping

In order to eliminate harmonic content in the vicinity of f;
from the converter current spectrum, it is necessary to incorpo-
rate an AD strategy into the MPDCC algorithm. Because the
controller directly regulates the converter currents, it is natural
for the AD strategy to act on the converter current reference,
e, i,

The majority of resonance damping strategies that have been
proposed to date have been developed for PWM-based setups
[19], [20], [23], [24]. Generally, these approaches rely on a volt-
age reference being generated for a PWM stage, and as such are
not directly applicable to MPDCC, where the controller directly
manipulates the switching state of the converter. A different
approach, termed the VR concept, has also been proposed for
PWM-based systems [21]. The VR concept is based on the em-
ulation of passive damping resistors, i.e., virtual resistors. How-
ever, unlike the MLC and filter-based strategies, the VR strategy
acts by modifying the converter current reference through an ad-
ditive damping component, making it suitable for application to
MPDCC. As mentioned in the introduction, the VR concept has
been applied to an MV IM drive with some success [30], and
has also been incorporated into hysteresis current control- and
direct power control-based setups [33], [34].

Consider the o3-frame s-domain representations of an LC'L-
filter that are shown in Fig. 2, where it is assumed that the fun-
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ig(s)

()

Fig.2. s-domainblock diagram representations of an LC L-filter with adamp-
ing resistor () in series with and (b) in parallel with the capacitor.

damental converter current reference, z’}(s), is approximately
equal to the actual converter current, i.e., i} (s) ~ i(s), and that
the grid-side resistance I?, is negligible [21]. Fig. 2(a) shows
the arrangement with a damping resistor R, in series with the
filter capacitor, while Fig. 2(b) shows the arrangement with a
damping resistor R, in parallel with the filter capacitor. From
inspection of Fig. 2(a), it is immediately apparent that the fol-
lowing is true

o ) sCuv.(s
it (s) —ig(s) = RO+1 C(—l—)l (20)
from which it can be deduced that
it (s) + sR.C(i}(s) —ig(s)) —ig(s) = sCv.(s). (21)

If the series-connected damping resistor R. is now removed
from the filter, it is apparent that its effects can be emulated via
the inclusion of an additive converter current reference term,
15.(s), such that

i1 () + iy (s) —ig(s) = sCv.(s) (22)

where

i:r(s) = SerOZ'(:(S) (23)

where R,, is the value of the virtual series-connected damping
resistor, and where the capacitor current i.(s) = i} (s) — iy (s).
Similarly, for the arrangement shown in Fig. 2(b), it can be said
that

sR.Cvc(s) + v.(s)

o _ o
i5(s) — iy (s) - 24)
from which it subsequently follows that

it (s) - ve(s) _ iy (s) = sCe(s) (25)

R.

which has the same form as (21) and (22). Accordingly, the
effects of a parallel-connected damping resistor can be emulated
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A

Fig.3. s-domainblock diagram representation of an LC L-filter with a resistor
Ry, in series with the grid-side inductor.

in the same manner as a series-connected damping resistor,
where i;.(s) is given by

<k Ve (S)
ZV]‘(S) er :

The two expressions yielding additive reference components,
(23) and (26), can easily be converted to the continuous time
domain, yielding expressions of the form

(26)

" di.
iy = R:C 7 27
for the emulation of a resistor in series with the filter capacitor,
or
j— UC
Ly = er
for the emulation of a resistor in parallel with the filter capacitor.
Either of the terms given by (27) and (28) can be incorporated
into the MPDCC-VR algorithm to achieve damping of the res-
onance frequency f.

(28)

C. Attenuation of Grid Harmonics

Because the grid currents are regulated implicitly, it is nec-
essary for any harmonics that are present in the grid voltage to
be compensated for. The impact of low-frequency harmonics
on the performance of LC L-filter-based systems has received
some attention, see e.g., [25], and although several strategies
have been proposed for PWM-based setups, very little literature
has addressed the issue in the context of direct (i.e., modulator-
less) control strategies. In [33] and [34], a harmonic attenuation
strategy is proposed, which involves using a PI controller(s) to
eliminate particular harmonic(s). However, the strategy requires
the use of several digital filters and multiple coordinate trans-
formations in addition to the controller(s), and it is commented
that the harmonics that can be attenuated are limited by the
bandwidth of the LC L-filter.

Instead, a harmonic attenuation strategy that is also based
on the VR concept is adopted. Intuitively, one can think of
the grid current harmonics that are caused by the grid voltage
harmonics, as arising due to the fact that the same harmonics are
not present in the capacitor voltage. Thus, it becomes apparent
that the harmonic currents can be reduced by emulating a resistor
in series with the grid inductor. Fig. 3 provides an s-domain
representation of an LC L-filter with aresistor R, in series with
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41) i, (k)

Vd*;»_?—» \i Pk,
—

Ve (k) q* £

Fig. 4. Fundamental dg-frame converter current reference generation for
model predictive direct current control.

the grid-side inductor L, where the intrinsic grid resistance, R,
is again considered to be negligible [21]. It is easy to derive the
following expression:

i (s) — iy (5)

sC — Ry, ig (5) —vy(s) = sLyiy(s) (29)
from which it can be seen that
1%(s) —sRy Ci,(s)—1,(s
HO) =SB, Cigls) i)

sC

If the harmonic attenuating resistor Ry, is now removed from
the filter, it is apparent that its effects can be emulated via the
inclusion of an additive converter current reference, i3, (s), such
that

i7(s) +13u(s) —ig(s)
sC'

— vy (8) = sLyi4(s) 31

where
iyn(s) = —sRwClig(s)

where R,y is the value of the virfual harmonic attenuating re-
sistor. Equation (32) can easily be converted to the continuous
time domain, yielding the expression

(32)

iy = —thC% (33)
which can be incorporated into the MPDCC-VR algorithm to
attenuate the harmonics in the grid currents that arise due to the
presence of grid voltage harmonics.

D. Control Concept and Reference Generation

As stated in Section II-B, the objective of MPDCC is to reg-
ulate the output currents and neutral-point potential within their
prescribed bounds, while simultaneously minimizing the aver-
age device switching frequency of the converter. MPDCC uti-
lizes a switching horizon, /N, which is composed of an ordered
sequence of events which take place within each prediction:
switch, denoted by “S,” and extend, denoted by “E.” When an
“S” event occurs, the controller has the freedom to switch from
the current switching state (input) to a new switching state, ad-
vancing the prediction horizon by one time-step. When an “E”
event occurs, the switching state is held constant, with the state
and output trajectories extended until violation of the output
constraints is predicted to occur, advancing the prediction hori-
zon by a variable number of time steps. Note that a lower case
“e” event can be included at the beginning of the switching
horizon; this represents an “optional” extension step before the
first “S” event. The fixed switching horizon gives rise to a pre-
diction horizon, N,, the length of which varies depending on
the particular switching sequence under consideration. In order
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| VCl,z (k)
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Fig. 5. Setup for MPDCC-VR for a three-phase NPC connected to the grid

via an LC L-filter.

to aid in the explanation of the algorithm, we adopt an addi-
tional notation. The number of “S” events within a switching
horizon is defined as Sy, and for a given switching sequence
with index j, the points at which switching occurs are denoted
k+¢,ne{0,1,2,..,Sy — 1}. If the switching horizon is of
the form “S...E,” for instance N, = “SESESE,” then E(J) 290
Vj. The formulation of the conventional MPDCC control prob-
lem and algorithm is discussed in [18]. Details of the related
MPDTC scheme are provided in [3] and [12]-[14].

Under the conventional formulation of MPDCC, the dg-frame
output current reference, i, (k), is supplied to the controller at
each time-step k, being converted to the abc-frame at each time-
step k + £ within a prediction via

inpe(k+0) = PTK" (k + 0)ij, (k + () (34)

with

iy (k+0) £ i3, (k), V0 € {0,1,...,N, } (35)

and where K (k + ¢) is the a3/dq transformation matrix, de-
fined as

Kk +0) = cos(O(k +0)) sin(0(k + 1)) . 36)

—sin(f(k + ¢)) cos(6(k + 0))

The angle 6(k + ¢) = 0(k) + Ts,wt, where the angle 0(k) is
extracted at each time-step k by a phase-locked loop (PLL),
which for a grid-connected converter is aligned with the grid
voltage such that vy, = 0.

For the proposed MPDCC-VR strategy, the conventional al-
gorithm is modified to accommodate the resonance damping
and harmonic attenuation reference terms. The first step in pre-
senting the new algorithm is converting the additive converter
current reference terms to the discrete-time setting of the con-
troller. As stated in Section III-B, either (27) or (28) could be
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incorporated into the algorithm. However, since it is beneficial
to avoid numerical differentiation wherever possible, the use of
(28) is preferred.

The resonance damping reference component is updated at
a number of time steps within each prediction, based on the
predicted state trajectory. By recalling the definition of the state
vector from (11) and the «3/dq transformation matrix from
(36), then at a given time step k + ¢ within a prediction, the dg-
frame resonance damping reference component, iy, , (k + £) =

[ﬁhvr (k + E) Z‘:;?vr (k + l )]T, is giVCIl by

1 1'5(]{74-()

Conversely, the harmonic attenuation reference component is
treated as being fixed throughout each prediction, and is thus
calculated at time-step k only. Again recalling (11) and the
a3 /dgq transformation matrix from (36), the dg-frame harmonic
attenuation reference component, iy, ., (k + ) = [if ,, (k +
0) i (k+0)]7, is from (33) given by

q,vh

x3(k
Ggun (kK +0) 25, o (k) = LG (K(k) [ ! )1

Ggwr (kK +0) = ———K(k+ 1) . (37)

vr

T z4 (k)

2ok — 1)

— K(k—1) l )D Ve {0,1,..,N,}. (38)

!L4(/€ —1
Since the fundamental dg-frame converter current reference,
igg. (b +0) =iy (k+0) iy ((k+ 0)]T, is also treated as re-
maining fixed throughout each prediction, i.e.

iy (k+0) £ iy, ¢(k), V€€ {0,1,...,N,} (39)

the overall dg-frame converter current reference is given at time-
step k + ¢ within a prediction by

Finally, the reference i}, .(k + ¢) can be computed according to
(34), based on 0(k + £) and iy, (k + £).

The value of i;, , determines the average value of the real
and reactive power that are delivered to the grid. It should be
noted, however, that z';}q’ f needs to be adjusted to account for
the phase shift between the converter and grid currents, and
for the dc component of i, .. By considering both of these
factors, and with the real power delivered to the grid given
by p = (3/2)vyq 144, it can be shown that the fundamental dg-
frame current references are related to the real power reference

p* via
R,\ 2p*
i, = (1—w2LgC+ Rf) 351 S @)
T ga vr
" Ly, \ 2p*
iy =w (Rgc+ R;) 35’;(} +wCvyy (41

where vyq is the nominal d-axis grid voltage, and under the
assumption that ¢* £ 0. Due to space constraints, a derivation
is omitted. In this study, it is assumed that the dc-link voltage,
Vi, 1s constant, meaning that outer control loops are not needed.
However, in practical settings where V. is not fixed, an outer
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proportional-integral (PI) control loop, as shown in Fig. 4, can
be used to generate p*(k), and therefore, i, (k), based on the
measured value of V. (k) and the dc-link voltage reference, V..

E. Control Algorithm

A block diagram illustrating the proposed MPDCC-VR setup
is provided in Fig. 5. Note that we treat only iy, ,(k) as be-
ing supplied to the MPDCC-VR block as an external reference,
with the other components of (40) being computed within the
MPDCC-VR block. The MPDCC-VR algorithm can be sum-
marized as follows:

1) Initialize a “Last-In First-Out” stack with the root node,

which consists of the previous switching state, uqp. (k —
1), the measured state vector, 2:(k), the measured neutral-

2)

3a)

3b)

Simulated (a) switching states, (b) converter currents and bounds, (c) converter current spectrum, (d) grid currents, (e) grid current spectrum, and (f) real
(blue, solid) and reactive (red, dashed) power, for the proposed MPDCC-VR strategy with N

“eSE,” with harmonic attenuation.

point potential, v, (k), and the switching horizon, N;. If

the first element of the horizon is an “e,” duplicate the root

node and add it to the stack, discarding the “e” from the

switching horizon of the top node.

Calculate the dg-frame current reference iy, (k) =

igq.1 (k) + 5, (k) + g, (), based on the measured

state x(k) and the formula for the additive reference com-

ponents given in (37) and (38).

Take the top node with a nonempty switching horizon

from the stack.

Execute and remove the first element of the switching

horizon.

a) For ‘S’, update the predicted reference, i) g (k+

g;l) ijl(p,f (k) + i:;q#vh(k) + Z'Zqu,vr(k + E’{l)’ where
n € {0,1,2,...,Sy — 1}, based on the measured or
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TABLE I
SIMULATED STEADY-STATE PERFORMANCE COMPARISON OF MLC WITH SVM
AND MPDCC-VR

Control Control N, Ni¥ o igrup fsw
scheme setting [%] [Hz]
MLC fo =850Hz - 4.62 450
MPDCC-VR 0; = 0.194 p.u. eSE 4 4.37 344
MPDCC-VR 0; = 0.196 p.u. eSSE 7 4.48 314
MPDCC-VR 0; = 0.196 p.u. eSSESE 11 4.61 293
5
1
4
B S
k= =3
=0 =
3 £2 :
B8 <
LU,
-1 W
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t [ms] f [Hz]
(a) (b)
Fig. 8.  Experimental (a) grid voltages and (b) spectrum.

predicted state vector x(k + #). Use the internal
control model to predict the state, neutral-point po-
tential and output at k + ¢ + 1 for each allowable
switching state that can be applied at k + ¢/ . If a
switching sequence is a candidate, add it to the top
of the stack to form a new node. A candidate switch-
ing sequence is one for which each output is either
within its bounds, or moving closer to its reference,
atk + ¢, + 1.

b) For “e” or “E,” extend the state, neutral-point poten-
tial and output trajectories while holding the switch-
ing state, and converter current reference 4,,, con-
stant, for as long as all outputs remain a candidate.
Extension can be achieved using either the internal
control model or an interpolation or extrapolation
technique [35].

3c) If there are nodes on the stack with nonempty switching
horizons, return to 3a).

3d) Ifthere are no nodes on the stack with nonempty switching
horizons, stop.

4) Compute the cost for each candidate input sequence

U7 (k) = [u,,(k)..u), (k+ N} —1)], j€J., where
J. contains the indices of all candidate input sequences.
The cost is given by [18]

| M

=3 gy (k4 6) =y (k+ L= 1)
NP (=0
(42)

5) Determine the switching sequence with the minimal cost

j=argmin ¢. (43)
JjeT
6) Apply the switching state u,p. (k) = u’, (k) and shift the

abe
horizon one step forward.
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At the next time-step, a new optimal switching state .. (k +
1) is determined, based on the measured state, 2(k + 1), and
neutral-point potential, v, (k + 1).

. Comments

The concept of reference prediction is the key advantage of
the MPDCC-VR algorithm. If it was assumed that the resonance
damping reference, i, .., remained equal to the value calculated
at time-step & throughout each prediction, the validity of the pre-
diction would decrease with long switching horizons. While it
might also be beneficial to update z;, ., throughout each pre-
diction, such an approach would require the nonfundamental
component of the grid voltage to also be predicted accurately,
which the discrete-time state equation does not accommodate,
as can be seen from (13).

The proposed approach is suitable for use with both exact
extension and extrapolation-based extension due to the fact that
the converter current reference is only updated at “S” events, at
which points the measured or predicted state is always known,
rather than during ‘E’ events, where the predicted state is only
known if exact extension is used. A subtle detail which should be
noted is that if the switching horizon is of the from “S...E,” then
updating the reference at (k + ¢)) is redundant, due to the fact
that under such circumstances, ¢ 2 0, i.e., x(k) = x(k + K‘é).

Finally, it should be noted that the MPDCC-VR strategy fea-
tures the same basic structure as the conventional MPDCC al-
gorithm, and one of the main characteristics of the conventional
strategy—namely, the improvement in performance that is ex-
hibited when the switching horizon is lengthened—is preserved
with MPDCC-VR, as will be shown in the next section.

IV. SIMULATION RESULTS
A. Case Study

In this section, we provide simulation results to verify the
applicability of the proposed MPDCC-VR scheme to a high-
power, MV grid-connected NPC converter. The system is rated
to 3 kV, 6.72 MVA; other ratings and parameters are provided
in the appendix. The resonant frequency of the LC L-filter is
f1 = 205 Hz, at which point the gain between the converter
and grid currents is 38 dB. The sampling interval is fixed at
T, = 100 ps and the neutral-point potential bound width is
fixed at §,, = 0.03 p.u.. Linear extrapolation (LE) is used for
extension steps. Further details on LE can be found in [34].
Under steady-state operation p* = 1 p.u., ¢* = 0 p.u. is used.
In order to consider the simulated performance of the controller
under nonideal conditions, we introduce harmonic distortion to
the grid voltage, with fifth and seventh harmonic components
with magnitudes of 0.015 p.u. added to the 1 p.u. fundamental
grid voltage. The resulting total harmonic distortion (THD) of
the grid voltage is 2.1%.

B. Steady-State Waveforms

In order to illustrate the effect of grid voltage distortion,
Fig. 6 shows the converter and grid currents and spectra
that are achieved by the proposed MPDCC-VR scheme with
Ny = “eSE,” with Ry, = 0.5 p.u. and R, = 0 p.u., i.e., without
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Fig.9. Experimental (a) switching states and (b) line-to-line converter voltage.

harmonic attenuation, and with a converter current bound of J;
= 0.194 p.u.. Although the resonance damping strategy clearly
eliminates spectral content from the vicinity of f;, the impact
of the grid voltage harmonics on both the converter and grid
current spectra is evident, with peaks at 250 and 350 Hz being
present. When averaged over 0.5 s, the converter current THD
is 13.62%, while the grid current THD is 5.84%.

Fig. 7 shows the waveforms that are obtained when the har-
monic attenuation strategy is activated with R, = 0.35 p.u..
The converter switching states, converter currents and spec-
trum, grid currents and spectrum, and real and reactive power
delivered to the grid are shown over two fundamentals. The
impact of the harmonic attenuation strategy on the grid current
spectrum is evident, with smaller peaks at 250 and 350 Hz being
present in Fig. 7(e) than in Fig. 6(d). The action of the resonance
damping term is again evident from the spectrum of the con-
verter currents, which shows that very little harmonic content
in the range of f; is present. The real and reactive power are
well regulated, both showing small amounts of ripple. When
averaged over 0.5 s, the average device switching frequency is
344 Hz, the converter current THD is 14.83%, and the grid cur-
rent THD is 4.37%. The increase in converter current THD that
is caused when the harmonic attenuation strategy is activated
can be observed by comparing Figs. 6(b) and 7(c); it is obvi-
ous that the peaks in the converter current spectrum at 250 and
350 Hz increase in the latter, which by recalling Section III-C
is necessary for the corresponding grid voltage harmonics to be
compensated for.

In order to demonstrate the performance improvement that
can be achieved by extending the switching horizon, Table I
summarizes the performance of the proposed MPDCC-VR strat-
egy with the switching horizons Ny = “eSE,” “eSSE,” and “eS-
SESE.” In each case, R,; = 0.5 p.u. and R, = 0.35 p.u. is used,
while the width of the converter current bound is adjusted to
achieve a grid current THD, 7, tpp, of 4.5 & 0.2 %. In addition,
the performance of MPDCC-VR is compared against MLC with
SVM. MLC is one of the main strategies that has been applied
to the control of grid-connected converters with LC'L-filters,
and as such forms a valid benchmark against which to compare
the proposed MPDCC-VR strategy. The control structure is for-
mulated according to that described in [19], where the outer PI
gains are K, = 0.5 and K; = 100, and where the inner gain is
K, = 0.4. The SVM stage is implemented with a carrier wave-
form in the manner described in [36]. The carrier frequency,
fe, determines the switching frequency of the converter, and is
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adjusted in order to achieve approximately the same level of
THD as MPDCC-VR.

At the chosen operating point, the average device switching
frequency of MLC with SVM is 450 Hz. With N, = “eSE,” the
switching frequency of MPDCC-VR is 344 Hz, which is 23.6%
lower than MLC with SVM. With Ny, = “eSSE,” the switching
frequency is reduced to 314 Hz, which is 30.2% lower than
MLC with SVM, and with N, = “eSSESE,” the switching fre-
quency is further reduced to 293 Hz, which is 34.9% lower than
MLC with SVM. Note also the corresponding increase in the
average prediction horizon (in time steps), NV, as the switching
horizon is lengthened. The results demonstrate that the proposed
MPDCC-VR strategy is robust to moderate levels of grid voltage
distortion, and even with a short switching horizon is capable
of substantially improving upon the conventional MLC strat-
egy with SVM. Furthermore, it can be seen that by extending
the switching horizon, very low device switching frequencies
can be achieved while remaining within the acceptable limits of
individual grid current harmonics and THD, as defined in [32].

V. EXPERIMENTAL RESULTS
A. Setup

In this section, experimental results are provided in order
to validate the practical applicability of the MPDCC-VR strat-
egy. Results have been obtained using a down-scaled 240-V,
1.68-kVA system, with additional parameters provided in the
appendix. Because the p.u. values of the experimental proto-
type very closely match those of the MV setup, and because the
same values of fy, and i, Tap are used, direct comparison with
the results obtained in simulation is possible. The three-phase
grid voltage waveforms and spectrum are shown in Fig. 8; the
corresponding THD of the grid voltage is similar to that used in
simulation.

The dc-link is fed from a constant-voltage power supply.
The upper and lower dc-link capacitor voltages and the abc-
phase currents and voltages are directly sampled and fed to
the controller. The control algorithm is implemented on the
150-MHz TMS320F28335 digital signal processor. Gate signal
and dead-time generation is handled by an Altera Cyclone II
field-programmable gate array. Due to the limited processing
power of the available hardware platform, experimental results
were obtained with N, = “eSE,” while the sampling interval
and extrapolation strategy are the same as those used in sim-
ulation. Delay compensation as discussed in [13] is used. The
same steady-state operating point that was used in simulation
is retained, i.e., p* = 1 p.u., ¢* = 0 p.u., and the neutral-point
potential bound width remains at §,,, = 0.03 p.u..

B. Steady-State Waveforms

Due to the effects of calibration error, sensor delay etc., it was
found that the experimental current bound had to be narrowed
from 0.194 to 0.184 p.u. in order to operate at approximately
the same switching frequency and grid current THD as in sim-
ulation. Fig. 9 shows the switching state and phase-a to phase-b
converter voltage, v,;, over two fundamentals. From Fig. 9(a),
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Experimental (a) converter currents, (b) converter current spectrum, (c) neutral-point potential and bounds, (d) grid currents, (e) grid current spectrum,

and (f) real and reactive power, for the proposed MPDCC-VR strategy with Ny = “eSE.”
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Fig. 11.
with N, = “eSE.”

it can be seen that rapid bursts of switching are avoided, and
from Fig. 9(b) it can be seen that the line-to-line voltage is
well balanced, demonstrating that the neutral-point potential
is properly regulated by the controller. When averaged over
0.2 s, the average device switching frequency was measured as
341 Hz, which is very similar to the 344 Hz that was achieved
in simulation.

Fig. 10 shows the converter currents and spectrum, neutral-
point potential, grid currents and spectrum, and real and reactive
power, over two fundamentals. From Fig. 10(b), it can be seen
that the resonance damping strategy is very effective in elimi-

(b) ©

Experimental (a) converter currents, (b) grid currents, and (c) real and reactive power, for the proposed MPDCC-VR strategy under transient conditions

nating spectral content in the vicinity of f; from the converter
current spectrum. The regulation of the neutral-point potential is
shown in Fig. 10(c). The grid currents, shown in Fig. 10(d), are
smooth, and the spectrum, shown in Fig. 10(e), is similar to that
seen in simulation. There is no spike at f; and the peaks at the
main harmonic frequencies are restricted to less than 2%. The
real and reactive power, shown in Fig. 10(f), are properly regu-
lated about their reference values with a small amount of ripple
being present. When averaged over 0.2 s, the converter current
THD is 16.35%, while the grid current THD is 4.40%, which is
very close to the 4.37% that was observed in simulation.
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C. Transient Waveforms

Fig. 11 shows the transient response of MPDCC in the pres-
ence of reference steps. At ¢ ~ 20 ms, the real power reference
drops from 1 to O p.u.. From Figs. 11(a) and (b), it can be
seen that the converter and grid currents respond quickly and
without overshoot. The real and reactive power are shown in
Fig. 11(c). The real power reaches its desired level in about
3.5 ms. At ¢ = 40 ms, the real power reference changes back
from O to 1 p.u.. The converter currents, grid currents and real
power again exhibit a good response, the latter reaching its de-
sired level within about 5 ms. These results demonstrate that
the proposed controller achieves a good transient response, and
further, underline the efficacy of the resonance damping strat-
egy. Despite the excitation of the filter resonance during the
reference steps, oscillations at f; are kept to a minimum.

D. Discussion

In industrial power electronic systems, inductance and capac-
itance values can vary over time, which in the case of MPDCC-
VR may result in discrepancy between the physical system and
the internal control model. Although such mismatch, e.g., grid
inductance variation, has not been considered in this study, MPC
is, in general, robust to parameter variation. The robust stabil-
ity of the conventional MPDCC was demonstrated in [37], and
one could consider MPDCC-VR in the same way. It is very im-
portant, however, to note that the proposed resonance damping
and harmonic attenuation strategies are not tuned to particular
frequencies; consequently, it can be expected that the perfor-
mance of both strategies will remain similar in the presence of
parameter variation or variable grid conditions, which is a major
advantage of the proposed strategy.

For the results presented this paper, the values of the virtual
resistors R, and R, were determined empirically, such that
operation at the desired point was achieved. In future, it may be
of interest to examine the tuning of MPDCC-VR analytically, as
the introduction of R,; and R, makes the tuning process more
complex than that of the conventional MPDCC, where §; is the
primary tuning parameter.

VI. CONCLUSION

This paper has addressed the problem of developing a long-
horizon MPC strategy for the control of MV grid-connected
converters with LC L-filters. A new variant of MPDCC, which
addresses the issues of resonance damping and harmonic atten-
uation through the VR concept, has been proposed as a solution
for this problem. The resulting control strategy, MPDCC-VR,
was discussed in detail, and the new algorithm, which incor-
porates predictive references, was presented. Simulation results
were provided in order to verify the applicability of the MPDCC-
VR strategy to an MV case study. The steady-state performance
of MPDCC-VR was compared against that of MLC with SVM,
and it was shown that MPDCC-VR is capable of offering signif-
icantly lower switching frequencies, even when a short switch-
ing horizon is used. Experimental results validated the practical
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TABLE II
RATINGS AND PARAMETERS OF THE MV AND LV LC L-FILTER-BASED SETUP

Ratings and Parameters

Quantity MV value LV value p.u. value
DC-link voltage, Vi 5kV 400 V 2.041
DC-link capacitance, C'q 10 mF 390 mF 4.200
Grid line-to-line voltage, V,, 3kV 240V 1.225
Grid current, I, 1.29 kA 4.04 A 0.707
Grid power, P, 6.72 MVA 1.68 kVA 1.000
Grid frequency, f 50 Hz 50 Hz 1.000
Converter-side inductance, L 0.567 mH 14.5 mH 0.133
Converter-side resistance, R 10 m§2 0250 0.008
Capacitance, C' 1.1 mF 433 uF 0.466
Grid-side inductance, L, 0.567 mH 14.5 mH 0.133
Grid-side resistance, R, 10 m§2 0250 0.008

viability of MPDCC-VR, with the performance of the down-
scaled prototype showing excellent agreement with the results
obtained in simulation.

APPENDIX A

The nominal and p.u. parameters of the MV and LV systems
are provided in Table II.
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