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Constrained Modulated Model-Predictive Control of
an LC-Filtered Voltage-Source Converter

Changming Zheng
Branko Majmunovic

Abstract—This paper proposes a constrained modulated model-
predictive control (M2PC) scheme for an LC-filtered voltage-source
converter (VSC). To tackle the coupling effects of the state vari-
ables in a second-order LC filter, a dual-objective cost function
(CF) is used to explicitly track both capacitor voltage and in-
ductor current references, which can achieve an improved volt-
age quality. To handle the state and control input constraints of
VSCs, a constrained M2PC scheme is proposed with an “online
post-correction” constraint-handling technique. First, the uncon-
strained optimal voltage vector (OVV) is derived. It is generated by
seeking the minimum analytical solution of the CF offline, simplify-
ing the online implementation. Then, an “online post-correction”
strategy is employed by reconsidering the constraints to correct
the precalculated OVV online, which guarantees the future states
within the allowed range. Finally, the corrected OVYV is synthesized
by the space vector modulation, resulting in a fixed switching fre-
quency and low harmonics. Compared with the typical constrained
model-predictive control, the presented scheme has the advantages
of improved steady-state performance, flexible constraint-handling
ability, and lower computational cost. Additionally, design proce-
dures for weighting factor selection in the CF are given. Compar-
ative experiments are investigated to verify the presented control
strategy.

Index Terms—Constraints, LC filter, model-predictive control
(MPC), modulation, voltage-source converter (VSC).

1. INTRODUCTION

HREE-PHASE voltage-source converters (VSCs) are the
key interfaces for energy transmission between a dc stage
and a standalone ac load or the grid. An LC-filtered VSC is
a commonly used topology to obtain a low total-harmonic-
distortion (THD) output voltage, which has been extensively
applied in distributed generation systems, stand-alone operation
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of ac microgrids, energy storage systems, and also uninterrupt-
ible power supply systems [1]—[3].

Various control algorithms have been presented for improving
the operation performance of the LC-filtered VSCs, including
multiloop proportional-integral or proportional-resonant control
[4], [5], dead-beat control [6], repetitive control, and sliding-
mode control [7]. Recently, owing to the explosive evolution of
the fast microprocessors, model-predictive control (MPC) has
gained increasing attention in the converter and motor control
due to the following advantages: intuitive implementation, fast
dynamic response, and high flexibility to include various con-
straints and nonlinearities [8]. The fundamental of MPC is based
on the predictive model, predicting the system behavior by se-
lecting the optimal control input among all feasible ones over
finite future horizons [9]. The optimal control input is obtained
by minimizing a cost function (CF) that involves multiple con-
trol objectives and then applied to the converters. According to
the ways of generating control inputs, MPC is broadly grouped
into finite control set MPC (FCS-MPC) and continuous control
set MPC (CCS-MPC) [10]-[12].

FCS-MPC makes the most out of the discretized essence of
VSCs; it considers only the finite switching combinations for
the system behavior prediction. The predefined CF is evalu-
ated using each predictions, and the minimal cost switching
combination is chosen and employed. The attractive features
of FCS-MPC are that no modulation stage is needed, and the
multiobjective control and constraints can easily be included
in the CF without increasing the computational complexity too
much. Hence, this control strategy is feasible to execute online
and has been extensively utilized in power converters [13]-[15].
However, lack of the modulator causes a nonconstant switching
frequency, which degrades the steady-state performance, result-
ing in increased switching losses and spread harmonic spectra
[16]. To overcome these drawbacks, several solutions have been
proposed either by taking into account the harmonic spectrum
shaping in CF [17] or by introducing suitable modulation con-
cepts to mimic the behavior of constant switching frequency
[18], [19]. Another issue of this approach is the unneglectable
steady-state error, particularly under low switching frequency or
small references. It can be mitigated by using different sampling
frequencies or considering the intersampling errors [20].

The other family is CCS-MPC, which generates the control
input in a continuous form instead of the finite switching states
[11], [21]. Typically, a modulator is exploited to synthesize the
optimal voltage vector (OVV). The major merits of this strategy
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are the flexible inclusion of multiple control objectives and the
constant switching frequency [21]. These advantages enable the
CCS-MPC to exhibit a better steady-state performance with a
lower THD and to facilitate the filter design in comparison to
FCS-MPC. One favorable control strategy in this family, gener-
alized predictive control, is a transfer-function-based approach
that is possible to implement online [11]. It is suitable for long
prediction horizons but difficult to tackle its constraints [9], [22].
With regard to multiple constraints, typical CCS-MPC usually
needs to solve a quadratic program (QP) problem online [9].
This leads to a considerable computational burden compared
with the unconstrained situation, making it hard to implement
using commercial control platforms. One solution is the explicit
MPC, which can solve the QP problem offline, yielding a lookup
table [23]. Nevertheless, its computational complexity is expo-
nentially increased with the number of state variables and con-
straints, and a large memory space for storing the lookup tables
is needed, making it inapplicable for multiconstraint situations
[24]. In contrast, Nauman and Hasan [25] propose a computa-
tionally efficient implicit MPC by indirectly merging different
constraints according to their relationships. However, it is based
on the three-phase natural coordinate system; the optimization
calculation needs to be repeated for each of the three phases
separately, increasing the computational efforts to some degree.
Meanwhile, it only gives the simulation results, while the in-
herent digital control delay is not considered, which leads to the
failure of this approach practically. Moreover, in terms of the a3
control frame-based VSCs, the constraints are usually quadratic
instead of the linear inequalities, which may increase the com-
putational complexity of the aforementioned approaches.

Other critical issues about MPC are the CF design and the
weighting factor (WF) selection. Both FCS-MPC and CCS-
MPC can easily include multiple control objectives in the CF,
and these objective terms are normally balanced by the WFs [26].
For LC-filtered VSCs, the commonly used primary term is the
voltage tracking term, and the equally important term is scarcely
included both in typical FCS-MPC and CCS-MPC [2], [25].
However, the single voltage tracking objective cannot achieve
satisfactory control performance due to the coupling effects be-
tween the inductor current and the capacitor voltage [27]. By
adding a voltage-derivative tracking term in the CF, a modified
FCS-MPC strategy is proposed, offering a better voltage quality
[27]. However, this modified strategy still inherits the disadvan-
tages of nonconstant switching frequency and spread harmonic
spectrum, since it is based on FCS-MPC. In addition, the WF
selection in FCS-MPC is an established open issue, and the com-
monly used method is trial-and-error [26]. Recently, several ap-
proaches have been proposed to select the WFs automatically
[28], [29], avoiding the time-consuming manual selection. In
contrast, since the CCS-MPC is inherently a linear control strat-
egy, it is possible to select the WFs using linear analysis meth-
ods. Nevertheless, little research has systematically reported the
analytical procedures of the WF selection for CCS-based MPC
schemes.

This paper presents a constrained modulated model-predictive
control (M2PC) of an LC-filtered VSC. The OVV is obtained by
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calculating the minimal analytical solution of the CF and syn-
thesized by space vector modulation (SVM), resulting in a fixed
switching frequency. The core contributions are generalized as
follows.

1) A dual-objective CF including the inductor current tracking
objective as an “equally important term” is introduced, which
achieves an improved voltage quality (lower steady-state track-
ing error and THD) in comparison to modified FCS-MPC and
typical CCS-MPC [25], [27].

2) A constrained M?PC scheme with an “online post-
correction” constraint-handling strategy is proposed. Compared
with the state of the art of the CCS-based MPC scheme, the
proposed scheme offers a lower computational cost.

3) Specific procedures for the WF selection of M?PC and
sensitivity analysis to model mismatch are intuitively given.

The remainder of this paper is arranged as follows. The dis-
crete predictive model of the LC-filtered VSC is derived in Sec-
tion IL. Section Il explains the principle of the presented scheme,
and Section IV provides the WF selection procedures. Section V
elaborates the experimental results and analysis, and the conclu-
sion is given in Section VL.

II. DISCRETE PREDICTIVE MODEL OF THE SYSTEM

A typical topology of the widely used three-phase LC-filtered
VSC is illustrated in Fig. 1. The LC filter with balanced induc-
tor Ly and capacitor C'y connected in each phase is the key
component to reduce the voltage harmonic content of VSCs.
To implement the model-based MPC, the discrete predictive
model is required. Fig. 2 depicts the LC filter model in the s-
domain, and the continuous-time dynamics of the LC filter is
described as

Ji
st =v -5
dt 0
d’ﬁf - -
Crgp =i
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with the complex variables in the o5 coordinate system [27]

Vf =V + JUrg, Ui = Via + JUig
_ _ (2
if =ifatJifs,  lg = iga + Jigp
where vy, i s, and Eg represent the capacitor voltage, inductor
current, converter voltage vector, and the load current in the
complex form, respectively.

To facilitate the analysis, (1) is expressed as a continuous-time
state-space model form as

d |if iy B -
— =d, Tov; + e 3
dt |f}f v thelit Leely ©)
where
_ 1 1 0
i’c: 1 OLf aI‘C: Ly aI‘gc: 1 .
< 0 T
Correspondingly, utilizing the zero-order holder, the dis-
cretized predictive model is formulated as [2]
if(k+1) | P P2 i (k)
@f(k‘ + 1) Doy DPoo ’T)f(k‘)
%(k+1) P4 x(k)
IS T .
+ v (k)+ 1q(k “4)
[m] (k) [F] (k)
N—— S——
I‘d rgd
with
g =Pl (5)
Ts
Iy = / ®TDdr ©)
0
Ts
Fgq = / e‘I’cTI‘ngT @)
0

where X is the state variable matrix. ®4, I'q, and I'gq are con-
stant predictive matrices. 7 is the sampling period.

III. PROPOSED CONSTRAINED M2PC

For an LC-filtered VSC, the capacitor voltage is usually the
primary control object in a typical CF [2], [25]. However, its
derivative is indirectly regulated by the inductor current instead
of the converter’s OVV due to LC filter’s coupling effects [27].
Hence, control of the inductor current is also important for volt-
age quality enhancement, and it is included in the CF as an
“equally important term” together with the capacitor voltage
tracking term, as described in the following.

1969

A. Dual-Objective CF Design

Note that the capacitor voltage reference is sinusoidal, and it
can be expressed as

6} (t) = Vet COS(Wreft) +7 Vet Sin(wreft) ()

Vi (1) V(1)

where wrer and Vs are the reference angular frequency and the
reference capacitor voltage amplitude, respectively.

Considering the internal relationship between the inductor
current and the capacitor voltage, the inductor current reference
is given by [27]

_ dv’ (t)
Sy f
ip(1) = Cr—

= _warefv}ﬁ (t) +iga (t)ifa*(t)

+g(t)

i (1)
+ 7 (Cwretvio (1) 4+ igs(t))is ) - (€

i*fﬂ(t)

Corresponding discretized form of references (8) and (9) can
be developed as

{v} (k) = Vier cos(wretkTs) 4 J Vier sin(wrerkTs)
_ _ (10)
75 (k) = §CwrTs (k) + ig(k).

Hence, the dual-objective CF for explicitly tracking both the
capacitor voltage and the inductor current is designed as

YJdual :gvf'i')‘gif (1D
with the quadratic objective terms
Gos= (Vialk+1) = vsa(k+ 1))
+ Wig(k +1) —vpg(k +1))?
B (12)

gir= (5o (k+1) —ifa(k +1))°
+ @k +1) —igp(k +1))°

where g, and g;; are the control objective terms. A > 0 is the
WE. v}, (k +1), vig(k + 1), i%, (K + 1), and.z’;ﬂ(k‘ +1) are
the reference values. vpo(k + 1), vyg(k + 1), i7o(k + 1), and
irp(k + 1) are the state predictions calculated by the predictive
model (4).

B. Unconstrained M?PC and OVV Calculation

First, all of the system constraints are neglected. The primary
target of the unconstrained M2PC is to find the OVV that can
minimize the CF in (11), namely

in Gdual (Via (), Uiﬁ(k))~

m (13)
via (k),vig (k)

Different from the discrete nature of FCS-MPC, the pro-
posed M?PC is inherently a CCS-MPC-based strategy. A simple



1970

method is used to solve (13), i.e., calculating its minimum ana-
Iytical solution to generate the unconstrained OVV by

agdual(via (k)v vlﬁ(k))

=0

8vm(k:) (14)
agdual(via(k)a Uiﬁ(k)) -0
dvig (k) .

Substituting (11) and (12) into (14), after a necessary simpli-
fication, the two scalar components of the unconstrained OV'V,
v (k) and vz‘;}f(k) are derived and can be written in a complex

form as

O (k) = paig (k) + oty (k) + sy (k + 1)

_ (15)
+ s (k4 1) + psig(k)
where the coefficients are
[y = A @y A Ty gy
A3 + T3,
iy — AL @rg + Do P
A3 +T3,
Al
H3 = ST (16)
a4 = 7&1
A3, + T3,
s — Al + Tl
A3 +T3,

Corresponding capacitor voltage and inductor current refer-
ences in (15) can be calculated by using third-order Lagrange
extrapolation strategy as

{@@+n:4@@yﬁ@w—1H4@m—2yqﬁw—a

T3 (k+1)= jOjwert;(k + 1)+ ig(k + 1)
a7
where i,4(k + 1) can be replaced by i,(k) for simplicity, since
the load current can be considered as constant in a sampling
period 75.
Furthermore, the second-order partial derivative of the CF is
derived as

0% gawal (Via (k), vig (k) _ 0°gaua (via(k), vig(K))
Oia (k)2 Qi (k)?

=207, +13,) > 0.

(18)

Since (18) is nonnegative, (15) yields the unconstrained OVV
that can minimize the CF. By introducing the inductor current
tracking term into the CCS-based M2PC, the voltage quality
can be significantly improved in comparison to typical single-
objective CCS-MPC. Another attractive feature of the proposed
horizon-one M2PC is that it inherits an advantage of the uncon-
strained CCS-MPC, i.e., offline precalculation, which reduces
the online computational cost.

C. Control Delay and Dead-Time Compensation

Note that the calculated OVV in (15) is employed at the next
sampling instant practically, resulting in one-step control delay
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[17]. This delay causes the deterioration of the system perfor-
mance or even failure of M?PC. To compensate this delay, a two-
step prediction strategy is used [30], i.e., replacing the (k + 1)th
instant references and predictive values in (12) with their values
at the time interval k + 2. Correspondingly, the unconstrained
OVV in (15) is rewritten as

Ok + 1) = paip(k + 1) + o0y (k + 1) + paiy (k + 2)

+ pa3(k +2) + psig(k 4+ 1)

19)
where the references 7 (k + 2) and o7 (k + 2) are obtained from
the one-step forward recursion of (17). The state predictions
if(k+1)and v¢(k + 1) are estimated by the predictive model
(4) with the control input OVV calculated at the previous sam-
pling period. i,(k + 1) can be replaced by i, (k).

Additionally, in practical implementation, the dead time is
usually necessary for short-circuit prevention. However, the
dead-time effect causes undesired voltage deviation, degrad-
ing the tracking precision of M2PC. To overcome this negative
effect, a dead-time compensation strategy is utilized [31]. By
online correcting the SVM pulses according to the three-phase
inductor current polarity, the dead-time effect can be effectively
compensated without adding extra hardware.

D. Constraints Reconsideration

FCS-MPC can handle the constraints by simply adding addi-
tional terms in the CF [27]. However, for typical CCS-MPC, to
include all the constraints, it often needs to solve a cumbersome
QP problem, which requires heavy computational efforts to im-
plement online. The explicit and implicit MPC can mitigate this
problem, but they still have some generality and extension issues
[25]. To this end, this paper introduces a simple “online post-
correction” solution to handle M?PC with both inductor current
and converter voltage vector constraints. The proposed solution
can avoid solving the complex online QP problems or offline
explicit solutions caused by various constraints. It maximizes
the merits of offline optimization of unconstrained situation and
provides a more direct way to handle various constraints with a
reduced computational cost compared with typical CCS-MPC.
Its main idea is based on the unconstrained OVV of M2PC pre-
calculated offline, reconsidering the constraints to correct the
unconstrained OVV online, which is further elaborated as fol-
lows.

1) Filter Inductor Current Constraint: Practically, limiting
the inductor current to an allowed range is important for ensur-
ing hardware safety and avoiding the inductor core saturation.
Specific design procedures of the proposed constraint-handling
solution are given as follows.

Step 1. State prediction: Considering the control delay
compensation, applying the precalculated unconstrained OVV
7®(k + 1) in (19) to the two-step prediction model of (4), then
the predicted inductor current is calculated as

frfef(k‘ +2) = Puiip(k +1) + Prayp(k + 1)

- (20)
+ T 0 (k + 1) + Tyaig(k +1).
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Fig. 3. Proposed solution to M2PC with the inductor current constraint.

Step 2. State constraint: Assume that the allowed range of the
inductor current magnitude is set as

[Tk + 2)| =i (k4 2%+ i (k + 2% < a1

where Iy,  is the predefined maximum average value of the
inductor current.

Step 3. Online post-correction: The core idea is to directly
handle the inductor current constraint, as shown in Fig. 3.
To be specific, if the predicted |¢f'(k 4 2)| < Ifmax, then
oif(k + 1) is kept unchanged. Otherwise, if [if'(k + 2)| >
Ifmax, then ?fef(k: + 2) should be limited to its maximum
value as

sref

‘ If max . (22)

ik +2)

Correspondingly, the unconstrained OV'V should be corrected
as
ﬁief(k + ]-)7 ﬁzfef(k + 2)| < Ifmax
7 (23)

{ X -
fm]?illfyv |Z}ef(k + 2)| > Ifmax

Vilim =

where Y= (I)llif(k + ].) + q)lg’l_}f(k -+ ].) —+ Flggg(k + ].)

It is worth mentioning that the delay compensation is included
in the proposed constraint-handling solution (23), since the cal-
culation of 7"*(k + 1) in (19) has already considered that. Then,
future values of the inductor current can be limited within the
predefined maximum value.

2) Converter Voltage Vector Constraint: To avoid the over-
modulation of SVM, the limit of the converter voltage vector
(i.e., OVV) is considered as well. The converter voltage vector
constraint is defined as follows:

/ Vbe
> _ 2 2 _
‘vilim| - Vilim o + vilimﬁ < Vinax = \/g

where V.« 1s the allowed maximum amplitude of the OVV and
Vbc is the dc-bus voltage.

(24)

1971

TABLE I
COMPUTATIONS OF THE PROPOSED CONSTRAINED M2PC

Step No.  Equation No.  Multiplications (a, 8)  Additions («, )
1 (15) 5x2 4 x2
2 (20) 4 x2 3 x2
3 20 3 1
4 (22) 2x2 0
5 (23) I x2 1 x2
6 (24) 3 1
7 (25) 2x2 0
Total: 34 18

Similar to the principle in Fig. 3, the final form of the con-
strained OV'V is described as

Uj lim s [Ditim| < Vinax

Viop =\ Tilim (25)

— ‘/Inaxa ‘@i lirn| > ‘/max-
|Ui lim ‘
Based on (23) and (25), the proposed solution can handle
both inductor current and converter OVV constraints with a re-
duced computational cost in comparison to typical CCS-MPC.
Theoretically, the proposed solution is applicable for any pre-
dictive model-based CCS-MPC scheme. Finally, the corrected
constrained OVV 7y, is fed into the SVM module, resulting in
a constant switching frequency.

E. Computational Cost

To demonstrate that the proposed constrained M2PC can re-
duce the computational cost in comparison to the state of the
art of the CCS-MPC, the computational efforts of the proposed
method and the implicit and explicit MPC in [25] are compared.
In [25], for all of the three phases, the implicit MPC requires
81 multiplications and 66 additions. The explicit MPC requires
360 multiplications and 360 additions. Similarly, the maximum
computations of the proposed constrained M2PC for both o and
[ frames are calculated in Table I. It is notable that Nauman and
Hasan [25] neglect the delay compensation when calculating the
computations; for a fair comparison, we neglect this as well.

It is obvious from Table I that the total computations of the
proposed constrained M?PC are the least, which are about three
times faster than implicit MPC and 14 times faster than explicit
MPC. It is worth mentioning that if the delay compensation is
considered, the computations of the proposed method are still
the least among the three methods.

Fig. 4 illustrates the implementation of the proposed con-
strained M2PC scheme for an LC-filtered VSC, where the ca-
pacitor voltage and the inductor current are directly measured.
In this paper, the load current is measured for simplicity, and it
can be estimated by the state observer as well [2].

IV. WF SELECTION

A. WF Selection

Parameters of the system are listed in Table II. Since the pro-
posed M2PC is inherently a linear control strategy, the direct
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LCfiltered VSC.

TABLE II
NOMINAL PARAMETERS OF THE SYSTEM

Sampling period s =50 ps
DC bus voltage Vpe =700 V
Nominal LC filter Ly =24mH, Cy =15 pF
Switching frequency fsw =10 kHz
VSC dead time Tq =4 pus
Linear load (resistance) R; =60 Q
Nonlinear load R, =460 Q, C,, =22 mF, L,, = 1.8 mH
Reference voltage amplitude Viet = 300 V

Reference angular frequency Wret = 1007 rad/s

pole placement strategy is employed to determine the WF X in
this paper. B
To simplify the analysis, replace i}(k +1) in (15) with
vy(k + 1) and i4(k) in (17). Then, (15) is rearranged as
U (k) = [ po] (k) + (ta + jusCroner) U3 (k +1)
~—— ~—_————

——

G H u(k)

+ (us + ps) ig(k).
—_———

F
(26)

Note that the control delay is compensated by (19); hence,
substituting (26) into the predictive model (4) yields the closed-
loop dynamics of the proposed M2PC

)_((k +1)= (‘I’d+FdG) )_((k)+(FdH) u(k)
Ag Bg
+ (ngJerFﬁg (k)
g0 = [0 1] x(8) = o7(h)
~——

Cq

27)

where A g4, Bqg, and Cgq are the coefficient matrices. §(k) is the
defined system output, i.e., the capacitor voltage.

Furthermore, (27) is converted into the discrete z-domain
transfer function from the capacitor voltage reference to its feed-
back

Gm2pc(z) = Cgq[zI - Ad]ile

(Ta1 + jwretC AT 11)(To12 — @11T91 + Po1T'11)
A

(28)
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where
A= Z(()\.Fllz + F212)Z

+ T2 (A@12 + ®21) — P11T91% — AP2T'11?).
(29)
It can be deduced from (28) and (29) that Gmgpc(z) contains
one zero and two poles. Among them, one pole is z; = 0, and
the other pole can be calculated as

oy = M@ool'11” =TT ®19) — T11 Do Poy + @110 °
ATy + T '
(30)
Based on (30) and the nominal parameters in Table II, the re-
lationship between A (A > 0) and the pole 23 is shown in Fig. 5.
It can be observed that A increases with the increase of z5, while
the system is always stable since zo = 1 is the asymptote. To
obtain a smooth transient performance, the WF is expected to
be set as A > 2.81. Meanwhile, a faster dynamic response and
a higher stability margin can be obtained with a smaller A (i.e.,
zo 1s closer to the origin). However, a tradeoff should be made
between the dynamic response and the sensitivity to model mis-
match in the actual implementation, e.g., zo can be placed at 0.5
with A = 8.43 in this paper.

B. Sensitivity Analysis to Model Mismatch

With the above parameters, the closed-loop zero-pole loci
with actual inductance and capacitance uncertainties are de-
picted in Fig. 6 to evaluate the impact of the parameter mis-
matches on the proposed M2PC. Fig. 6(a) shows that the actual
inductance varies from 62.1% to 200% of nominal L. It re-
flects that the proposed controller is somewhat sensitive to the
inductance mismatch, especially when the actual inductance is
smaller than Ly, driving the dominant pole toward the unit cir-
cle. If the actual inductance decreases by more than 37.9%L,
the closed-loop system becomes unstable. On the other hand,
if the actual inductance is larger than L, the damping ratio is
decreased, and the overshoot is increased. Fig. 6(b) shows that
the actual capacitance varies from 50% to 200% of nominal C'y.
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It shows that a small actual capacitance reduces the damping
ratio and drives the poles close to the unit circle, reducing the
system stability, while a large actual capacitance deteriorates the
dynamic response. To further enhance the robustness against the
model mismatch of the proposed controller, A can be further in-
creased. Notably, this may also degrade the transient response.
A simple prediction error correction strategy can be used to ef-
fectively mitigate this issue by feeding the prediction error term
into (11) for compensation [32].

V. EXPERIMENTAL RESULTS

Experiments are carried out to verify the proposed con-
strained M?PC. The experimental setup is depicted in Fig. 7(a),
which comprises the dc power sources, an LC-filtered three-
phase VSC, and the linear/nonlinear load. The topology of the
diode-rectifier nonlinear load is shown in Fig. 7(b). The pro-
posed control algorism is implemented in a dSPACE DS1202
board. In addition, comparative tests using the modified FCS-
MPC in [27] and typical single-objective CCS-MPC (i.e., by

1973

LEM L(:ﬁlter

sensors

dSPACE

)

L k&
t

i

Fig. 7. Experimental setup to validate the proposed control scheme. (a) Ex-
perimental setup. (b) Diode-rectifier nonlinear load.

>

(b)

directly setting A in (11) and (16) to be 0) are carried out to
justify the superiority of the presented control scheme. For a
fair comparison, the sampling period of the modified FCS-MPC
is chosen as 20 us, which can obtain an average switching fre-
quency of about 10 kHz [29], [33]. The sampling period of the
typical CCS-MPC is 50 us, which is the same as that of the
proposed M2PC.

In addition, to compare the computational burden between the
proposed M?PC and the modified FCS-MPC, the turnaround
time in one sampling interval is calculated. The turnaround
time of the modified FCS-MPC is 15 us, including 12-us AD
conversion time and 3-us algorithm execution time [33]. Sim-
ilarly, the turnaround time of the proposed method is 16 us,
which is comparable with that of the modified FCS-MPC. This
means that the proposed method is very computationally effi-
cient. Moreover, both methods can be completed in one sampling
period.

A. Performance Evaluation of the Proposed M*>PC

Fig. 8 depicts the experimental results of the steady-state per-
formance feeding nominal linear load (60 €2) with the modi-
fied FCS-MPC in [27], typical CCS-MPC, and the proposed
M?PC, where the phase voltage feedback v, inductor current
ifq, load current i4,, and phase voltage tracking error vy, are
given. It shows that the proposed M2PC offers the best voltage
tracking response with the lowest THD and steady-state error
among the three methods. The modified FCS-MPC has a lit-
tle worse performance than the proposed M2PC due to the lack
of the modulator. In contrast, even with a modulator, the typical
CCS-MPC still behaves the worst. This is because it neglects the
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coupling effects of the LC filter, resulting in a large voltage os-
cillation. These results reveal that the proposed M2PC exhibits a
better steady-state voltage tracking performance than both mod-
ified FCS-MPC and typical CCS-MPC under the linear load
condition.

Fig. 9 shows the experimental results of the steady-state per-
formance under nonlinear load with modified FCS-MPC, typ-
ical CCS-MPC, and the proposed MZ2PC, where the reference
phase voltage v ,, feedback phase voltage v,, load current igq,
and phase voltage tracking error vy, are given. It can be seen
that there are no obvious phase voltage distortions of the three
methods. Similarly, the THD and the steady-state error with
the proposed M2PC are still the lowest among the three meth-
ods. Hence, under the same nonlinear load condition, superior
voltage quality can be obtained by using the proposed M?PC
scheme. Additionally, it is worth mentioning that the THD of
the modified FCS-MPC decreases from 1.57% with linear load
to 1.52% with nonlinear load. This is because the average switch-
ing frequency of the modified FCS-MPC increases from 9.6 to

IEEE TRANSACTIONS ON POWER ELECTRONICS, VOL. 35, NO. 2, FEBRUARY 2020

Tek Prevu

250V/div

A 250V/div]
alwa -
/ \ 2A/div]
" A\ <

\/P\.

VY

7
v/ [ Vre ]
(Do AN oM ittt/ VAP i i
50V/div]
B 8.0 ™. .. i 9l [oea)
@
TekPrevu -
Via A
> N 250V/div
2 Vo' -
A\; . AL A Zsﬂﬁlilv
Y M \ o f \_J\ 2A/div
3 f r y

J e \ M/ [ Ve | »\/‘”\

T AL Ayt Mg S P T e s ]
50V/div]

6Fch 2019
13:51: 12

50055 @ 7
1M points 6.92 A

Tek Frevu
s

250V/div,

A 50V/div,

X { 24/diy
\/“‘\ f /\”’/ \ /!"*
ey

@ 23Nov 2018
120mA_J\ 20: 1429

25.0M5/5
1M points

][4 -00ms
©
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10.2 kHz when supplying the nonlinear load, resulting in the
decrease of the THD.

To quantitatively compare the steady-state tracking perfor-
mance of the modified FCS-MPC, typical CCS-MPC, and the
proposed M2PC, the root-mean-square error (RMSE) of the
phase voltage is used, which is calculated as follows:

* 1 N * 2
RMSE(v}, — vfq) = \/ﬁ Zi:l (Viai = Vfai)” (1)

where N is the total number of the sampling points. v}, , and
V}q,; are phase voltage reference and feedback, respectively.

Corresponding experimental comparisons of the voltage
tracking RMSE of the three methods are listed in Table III.
Same conclusions can be drawn that the proposed M?PC has
the smallest voltage tracking RMSE among the three methods
both under linear and nonlinear load conditions, resulting in the
best steady-state voltage tracking performance.

Fig. 10 shows the experimental comparisons of the transient
performance with linear load step change (from open circuit to
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TABLE III
COMPARISON OF VOLTAGE TRACKING RMSE OF THREE METHODS

Control Type RMSE (Linear load) RMSE (Nonlinear load)

Modified FCS-MPC 4372V 3819V
Typical CCS-MPC 4593 V 4203 V
Proposed constrained M2PC 2543 V 1.765 V
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Fig. 10. Experimental comparisons: transient responses of vy, igq, and
v with linear load step change (Vier = 300 V, R;: open circuit to 60 €2).
(a) Modified FCS-MPC. (b) Typical CCS-MPC. (c) Proposed MZ2PC.

60 Q) using modified FCS-MPC, typical CCS-MPC, and pro-
posed M2PC, where the reference and feedback phase voltages
v}, and vy,, the load current 7,44, and the phase voltage track-
ing error vy, are given. Fig. 11 depicts the corresponding IEC
62040 standard. It is exhibited in Fig. 10 that the modified FCS-
MPC offers a slightly better robustness than typical CCS-MPC
and the proposed M?PC with a lower voltage fluctuation in the
transient process. However, its sampling frequency is also much
higher, resulting in a higher bandwidth and increased hardware
cost. The robustness against the load step change of typical CCS-
MPC and proposed M?PC is similar. Additionally, it is clearly
shown in Fig. 11 that the transient voltage tracking errors of
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Fig. 11. Experimental comparisons: transient response of voltage tracking
errors for 100% step change of linear load according to the IEC 62040 standard.
(a) Modified FCS-MPC. (b) Typical CCS-MPC. (c) Proposed M2PC.

TABLE IV
SENSITIVITY TO MODEL MISMATCH OF THE PROPOSED M2PC

Parameter Uncertainties Voltage RMSE (V)  THD (%)
—35%Lj and C 6.986 2.25
Ly and —50%C 4.799 1.36
+100%Ly and C 3.419 1.81
Ly and +100%Cf 7.430 0.99
—35%Ly and —50%C'f 10.173 3.31
—35%Ly and +100%C's 7.598 1.95
+100%L ¢ and —50%C'f 4315 2.10
+100%L s and +100%C'¢ 8.793 1.20

three methods conform significantly well with the IEC 62040
standard.

In addition, to investigate the sensitivity to parameter mis-
match of the proposed M?PC, quantitative experimental com-
parisons of the phase voltage RMSE and THD under actual
inductance and capacitance mismatches are illustrated in
Table IV with a linear load. It shows that the steady-state per-
formance of the proposed method is affected by the model
mismatch to a varying degree. As expected, when the actual
inductance is smaller than the nominal value, the RMSE and
THD are somewhat increased. On the other hand, a large actual
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Fig. 12.  Experimental results for validation of the proposed solution to handle
constraints: starting responses of three-phase iy without and with the proposed
solution. (Vier = 0-300 V, R; = 60 2). (a) Without the proposed solution.
(b) With the proposed solution without delay compensation. (c) With the pro-
posed solution with delay compensation.

capacitance does not have a significant impact on the THD,
whereas the voltage RMSE is somewhat increased due to the
slow dynamic response. The worst case is that both actual induc-
tance and capacitance are overestimated by the nominal ones,
resulting in a worst performance. It is worth mentioning that
the steady-state performance of the proposed method under the
most cases of the model mismatch is acceptable with the RMSE
less than 3% and THD less than 2%.

B. Verification of the Proposed Constraint-Handling Solution

The experimental results for validating the proposed
constraint-handling solution are illustrated in Fig. 12, where the
starting responses of the three-phase inductor current without
the proposed solution, with the proposed solution without delay
compensation, and with the proposed solution with delay com-
pensation are given. The inductor current constraint I ¢ ;ax 1S set
as 12 A considering the inductor core saturation and hardware
safety. It can be seen that without using the proposed constraint-
handling solution, the inductor current tends to sharply increase
to a high value during the starting process. When using the pro-
posed solution while neglecting the delay compensation, the
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inductor current still cannot be accurately limited to the prede-
fined value, which indicates that the delay compensation is nec-
essary in the actual implementation of the proposed solution. In
contrast, by employing the proposed “online post-correction”
solution with delay compensation, the inductor current is suc-
cessfully limited to the predefined value. In addition, it is worth
mentioning that the inductor current ripple may slightly ex-
ceed the predefined constraint due to the use of the state-space
averaging-based predictive model.

VI. CONCLUSION

A constrained M?PC scheme for LC-filtered VSCs has been
presented in this paper. First, a dual-objective CF is introduced
to the proposed CCS-based M?2PC, where the inductor current
tracking objective is included as an “equally important term,”
resulting in an improved voltage quality. The proposed M?PC
generates the unconstrained OVV by calculating the minimum
analytical solution of the CF offline. Moreover, a simple “on-
line post-correction” strategy is reconsidered to handle the vari-
ous constraints and the generated OVV is synthesized by SVM,
achieving the fixed switching frequency and low THD. Com-
pared with typical CCS-MPC, the proposed control scheme can
significantly reduce the computational burden. In addition, the
WEF selection procedures and the sensitivity to the model mis-
match are analyzed. Experimental results have verified the pro-
posed control strategy.
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