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Model Predictive Control with Modulated Optimal
Vector for a Three-Phase Inverter with an LC Filter
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Abstract—This paper proposes an effective model predictive
control (MPC) scheme using a modulated optimal vector (MOV)
and finite control options for a three-phase inverter with an LC
filter. Unlike other MPC methods, the proposed MPC strategy
exploits the unconstrained optimal vector (OV) of the continuous-
control-set (CCS) MPC to limit the control options for the un-
constrained mode. First, the analytical OV is derived based on a
least-squares optimization. If the input constraints are not vio-
lated, the OV is applied with a space vector modulation (SVM)
technique like the CCS-MPC. Otherwise, the OV is scaled into the
MOV and only three control options are online evaluated to rese-
lect the control input. Experiments are conducted on a three-phase
inverter test bed with a TI TMS320F28335 digital signal processor
to validate the improvements of the proposed method, especially
the robust performances and fast responses. The comparative re-
sults with the FCS-MPC show the superior performances of the
proposed scheme with smaller steady-state error and lower total
harmonic distortion due to the analytical OV with SVM, more
robustness to parameter uncertainties due to the disturbance ob-
server, and faster dynamic response due to the online reselection
of control inputs.

Index Terms—Finite control set (FCS), model predictive control
(MPC), modulated optimal vector (MOV), space vector modulation
(SVM), three-phase inverter.

I. INTRODUCTION

THREE-PHASE pulse-width modulation (PWM) invert-
ers with LC filters are installed in various applications

that require high-quality voltage such as distributed genera-
tion systems, energy storage systems, and uninterruptible power
supplies [1]–[4]. These PWM inverters need advanced control
schemes that can guarantee high-quality output voltage in terms
of the fast transient response, small steady-state error (SSE),
and low total harmonic distortion (THD) under various load
conditions, especially step change load, unbalanced load or non-
linear load [5]. Further requirement is the robustness to param-
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eter variations, uncertainties, and noises. A variety of research
works have been conducted and reported [6]–[20] on the three-
phase inverters with LC filters to meet the requirements stated
previously.

In the literature, research work on advanced control strate-
gies for three-phase inverters with LC filters such as clas-
sic feedback control methods [6]–[8], learning-based methods
[9]–[12], robust control methods such as sliding mode control
and adaptive control [13]–[15], and predictive control methods
[16]–[20] have been published. First, the classic feedback con-
trol methods use a cascade control structure with a current (in-
ner) control loop and a voltage (outer) control loop [6]–[8]. The
outer loop is used to remove the steady-state voltage tracking
error normally with proportional-integral (PI) rules [6], whereas
the inner loop is used to enhance the closed-loop performance
with various control strategies in [7], [8]. These methods are
simple in design and inexpensive, but their control performances
heavily depend on the gain selection and they cannot either en-
sure the closed-loop stability or optimize the performances when
considering the input constraints. The learning-based methods
such as repetitive control [9], [12], interactive learning control
[10], and neural network control [11], can improve the steady-
state behavior of the controller. However, these control methods
are normally slow in dynamic response and time-consuming in
learning algorithms. Therefore, a hybrid structure with a high
dynamic control method is usually selected for implementation
as in [10], [11]. The sliding mode control (SMC) [13] and adap-
tive control [14], [15] are robust to parameter variations and
load disturbances. However, the SMC schemes face difficulties
to find out sliding surfaces and other drawbacks are the limited
sampling rate and chattering phenomena with variable reference
tracking. The adaptive control schemes are also robust to system
parameter mismatches but have the computational complexity.
The predictive control methods such as deadbeat control [16],
[17] and model predictive control have many applications on
the three-phase inverters with LC filters [18]–[20], especially
digital controllers with deadbeat performance. The deadbeat
control [17] is widely applied in the voltage control of the three-
phase inverters due to its fast dynamic response, simplicity, and
straightforward approach. Meanwhile, the model predictive con-
trol (MPC) [19], [21]–[25] is flexible with different objectives
and constraints. In the view of the MPC, the deadbeat control is
a special case of the MPC [18], [19].

The MPC is a promising methodology for researches and
applications hence it has gained the sustained development for
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the last three decades, especially in process control area [26].
In the literature of the MPC for power electronics, there are
two main approaches: finite control set (FCS) and continuous
control set (CCS). However, there is a knowledge gap between
the FCS-MPC and the CCS-MPC. First, the FCS-MPC is simple
and straightforward to deal with complicated nonlinear models
[19] by simply evaluating all the switching states online. Due
to the limited switching states of switch-mode PWM convert-
ers, an exhaustive search is affordable in a limited computation
time and consequently, the modulation stage is not necessary.
However, there are still some drawbacks of the FCS-MPC such
as nonzero SSEs [19], [27], [28] (a bounded terminal region),
variable power losses, and unwanted resonances due to variable
switching frequency [19], [27]. In the other approach called the
CCS-MPC, bounded continuous inputs are considered with a
modulator in which the MPC optimization is analytically solved
offline [29]. The CCS-MPC exhibits good performances in the
steady state because the asymptotic stability can be achieved
with an explicit solution and a modulation stage [30]. Also, the
offline solution of the CCS-MPC can be achieved analytically
in case of a linearized model with simple constraints, but not in
case of a nonlinear model with more constraints.

To combine the advantages of both approaches, a switched
MPC strategy is proposed in [30], which comes from the fact
that the FCS-MPC mode with a nonlinear model can direct the
system states toward a bounded region of the desired equilibrium
state. After that, the control law is switched into the linear CCS-
MPC mode with a modulation stage to asymptotically reach the
reference values [5], [20]. However, two modes use two sepa-
rated control laws, so the computed solution from one mode is
not utilized in the other mode. In [31], the sphere decoding algo-
rithm (SDA) is improved with reduced execution time by pro-
jecting the unconstrained solution onto the envelope of the orig-
inal FCS to implement the long-horizon FCS-MPC. However,
the transformation of spaces in the SDA [31] is still based on a
predefined objective function with respect to the unconstrained
solution. Therefore, this algorithm cannot achieve the flexibility
for the objective function in the transient state. Furthermore,
it is a critical problem of the MPC to achieve the robustness
against the model mismatches and noises [22]–[24]. A solution
based on a hysteresis band is proposed to avoid false triggering
due to the noises [30] that make the online computation more
complicated. Recent MPC algorithms can achieve some specific
features such as more constraints and nonlinear models inclu-
sion [29], [30], online computation reduction [31], [32], fixed
switching frequency [33], etc. However, it is still an open issue to
find a computationally efficient and robust MPC algorithm [2].

To overcome the issues mentioned above, this paper proposes
an efficient MPC method with the modulated optimal vector
(MOV) for a three-phase inverter with an LC filter. First, the
analytical unconstrained optimal vector (OV) is derived using
least-squares optimization and then directly used in the uncon-
strained mode with a space vector PWM (SVPWM) technique
like the CCS-MPC. In the constrained mode, the unconstrained
solution is scaled into the MOV to inherit both the optimality and
offline computation of the unconstrained mode. The benefits of
the proposed method are significant in terms of: a simple algo-
rithm with less computational burden, an easy-tuning procedure

Fig. 1. Three-phase inverter with an LC filter.

with two independent modes, flexible objective functions for the
modes, a fixed switching frequency, good performances in both
steady state and transient state, and robustness to parameter un-
certainties. In particular, a simple reselection algorithm for the
constrained mode using three candidates (i.e., MOV and two
basic vectors with a sector-based switching pattern in SVPWM)
is a key strategy, which takes the advantages of CCS-MPC and
SVPWM in a fashion like FCS-MPC. In order to validate the
performances of the proposed method, the comparative studies
between the proposed MPC scheme, the deadbeat control law
and the conventional FCS-MPC scheme are conducted in ex-
periments on a prototype three-phase inverter test bed with a
TI TMS320F28335 digital signal processor (DSP). Especially,
while considering the high uncertainties of the values of both
Lf and Cf , the proposed scheme shows the superior voltage
regulation performances in terms of smaller SSE, more robust-
ness to parameter uncertainties, lower THD, and faster dynamic
response under a fixed switching frequency.

II. MODEL OF THREE-PHASE INVERTER

WITH LC FILTER

Fig. 1 shows a three-phase inverter with an output LC fil-
ter where the line-to-neutral inverter voltages and phase cur-
rents are denoted by the vectors V i = [viA viB viC ]T and
I i = [iiA iiB iiC ]T , respectively. In a similar way, the line-
to-neutral load voltage and phase current vectors are repre-
sented by V L = [vLA vLB vLC ]T and IL = [iLA iLB iLC ]T ,
respectively.

Applying Kirchhoff’s laws to the LC filter, the circuit model of
the three-phase inverter is expressed by the following equations
in the synchronously rotating d−q reference frame [5], [14]:
⎧
⎪⎪⎨

⎪⎪⎩

V̇Ld = ωVLq + kC Iid − kC ILd,

İid = −kLVLd + ωIiq + kLVid

V̇Lq = −ωVLd + kC Iiq − kC ILq

İiq = −kLVLq − ωIid + kLViq

(1)

where kC = 1/Cf and kL = 1/Lf . In the circuit model (1),
Vid , Viq are two control inputs, VLd , VLq , Iid , Iiq are four state
variables in which VLd , VLq are capacitor voltage considered as
the controlled outputs, and ILd , ILq are load current components
considered as the unknown variables.

In the steady state of voltage control applications, the system
is expected to work at the equilibrium states determined by
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the constant voltage references (i.e., V ∗
Ld = constant, V ∗

Lq =
constant). The derivative terms of (1) are set to zeros, so the
reference inverter currents are inferred as follows:

I∗id = ILd − ωCf V ∗
Lq , I∗iq = ILq + ωCf V ∗

Ld. (2)

It is also easy to find out the control inputs (Vid , Viq ) in the
equilibrium states from (1) with given load currents.

The dynamic model (1) is converted into the error dynamic
model with new state error variables (i.e., VLde , VLqe , Iide , Iiqe )
defined by

{
VLde = VLd − V ∗

Ld

VLqe = VLq − V ∗
Lq

,

{
Iide = Iid − I∗id
Iiqe = Iiq − I∗iq .

(3)

The load current components are assumed to change slowly
during a small sampling period (dILd/dt = 0, dILq/dt = 0)
[5], [15], [19]. Substituting (2) and (3) into (1), then the error
dynamic model of the output LC filter is derived as

{
Ẋe = AXe + BU + BVi = AXe + BU + BMT s

Ye = CXe

(4)

where

A =

⎡

⎢
⎢
⎢
⎣

0 ω kC 0
−ω 0 0 kC

−kL 0 0 ω

0 −kL −ω 0

⎤

⎥
⎥
⎥
⎦

, B =

⎡

⎢
⎢
⎣

0 0
0 0
kL 0
0 kL

⎤

⎥
⎥
⎦ , C =

⎡

⎢
⎢
⎣

1 0
0 1
0 0
0 0

⎤

⎥
⎥
⎦

T

MT =
2
3
Vdc

[
cosθ cos

(
θ − 2π

3

)
cos

(
θ + 2π

3

)

−sinθ −sin
(
θ − 2π

3

) −sin
(
θ + 2π

3

)

]

.

Xe [VLde , VLqe , Iide , Iiqe ]T , the state error vector.
Vi [Vid , Viq ]T , the control input vector representing the con-

tinuous manipulated variables for a CCS-MPC approach.
U [Ud, Uq ]T , the disturbance vector.
Ye [VLde , VLqe ]T , the output error vector.
MT the transformation matrix of the inverter [19].
θ the transformation angle.
Vdc the dc-link voltage.
s the switching states, s ∈ [0, 0, 0]T , . . . , [1, 1, 1]T rep-

resenting the discrete nature of the switches for an
FCS-MPC approach.

Note that the elements of the matrices (A, B, C) in (4) are
obtained with nominal parameter values of the system. The
disturbance vector U is expressed with the nominal values of
Lf and Cf below

{
Ud = ωLf ILq +

(
Lf Cf ω2 − 1

)
V ∗

Ld + d1

Uq = −ωLf ILd +
(
Lf Cf ω2 − 1

)
V ∗

Lq + d2
(5)

where d1 and d2 represent the lumped disturbance due to the
parameter uncertainties (including the unmodeled part such as
the parasitic resistance in series with the capacitor) and noise. If
Ud and Uq are successfully observed as the lumped disturbance
vector, the disturbance-rejection approach is implemented for
the MPC by compensating for both the predictive model and
the control input (Vi) to achieve the robustness. This approach
allows the control system design based on uncertain parameters.

Therefore, the assumptions in the steady state with constant
state variables (2) are held whenever the lumped disturbances
are effectively rejected in the control design.

The continuous-time model (4) is converted into the discrete-
time model (6)

{
Xe(k + 1) = ΦXe(k) + ΓU(k) + ΓVi(k)

Ye(k) = CXe(k)
(6)

where Φ = eAts , Γ =
∫ ts

0 eAts Bdt, and ts is the sampling
period.

Then, the discrete-time model (6) will be used as the predic-
tive model of the proposed MPC algorithm in Section IV.

III. DISCRETE-TIME DISTURBANCE OBSERVER (DOB) IN

FORM OF A PREDICTION-TYPE KALMAN FILTER (KF)

Before giving more details on the load current observer and
the DOB, the following three assumptions are needed. First,
VLd , VLq , Iid , and Iiq are available. Second, ILd and ILq change
slowly during a small sampling period [5], [14], [19] in com-
parison with the system dynamics. Third, the disturbance vector
U in (5), which consists of a reference voltage term (V ∗

Ld =
constant, V ∗

Lq = constant) and a load current term (ILd , ILq ),
also changes slowly during a small sampling period [15]. There-
fore, the time derivatives of the load currents (ILd , ILq ) and the
disturbance vector (U) can be set to zero. Note that the state vari-
ables VLd , VLq , Iid , and Iiq are not subjected to the assumption
that they slowly change during a small sampling period.

A. Load Current Observer

The load currents (ILd , ILq ) are the main components of the
disturbance vector as seen in (5). It should be known to obtain
the reference inverter currents and the equilibrium point of the
system in (2). Using the current transducers (CTs) in the output
load is possible but it makes the overall system more expen-
sive and especially less reliable. With the second assumption
mentioned previously, the load current observer has been suc-
cessfully developed and presented in details in the literature [5],
[14], [19]. This paper utilizes the load current observer as the
conventional one in [14], [19].

The load current observer is represented by the following
equations:

˙̂
X0 = A0X̂0 + B0U0 − M

(
Y − C0X̂0

)
(7)

where

A0 =

⎡

⎢
⎢
⎣

0 0 0 0
0 0 0 0
−kC 0 0 ω
0 −kC −ω 0

⎤

⎥
⎥
⎦ , B0 = CT

0 =

⎡

⎢
⎢
⎣

0 0
0 0
1 0
0 1

⎤

⎥
⎥
⎦ ,

X̂0 =

⎡

⎢
⎢
⎢
⎢
⎣

ÎLd

ÎLq

V̂Ld

V̂Lq

⎤

⎥
⎥
⎥
⎥
⎦

, U0 = [kC Iid , kC Iiq ]T , Y = [VLd, VLq ]T ,
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and M ∈ R4x2 is the observer gain matrix. ÎLd and ÎLq are the
estimated d−q components of the load currents, respectively.

The details on the load current observer and the optimal gain
matrix M have been already presented in the literature [5], [14],
[19], [20]. It should be noted on the tradeoff between the noise
rejection and the bandwidth while choosing the gain matrix.
When the statistical properties of the noises are available as
the design parameters, a steady-state KF is designed with the
optimal gain matrix in [19], [20].

B. Discrete-Time DOB

In this section, the DOB is developed with a predictor–
corrector approach. By using the current dynamic equations
(i.e., the latter two dynamic equations) of the continuous-time
error dynamic model (4) and the third assumption (i.e., the dis-
turbances change slowly) mentioned above, the dynamic model
for the DOB is obtained as

Ẋd = AdXd + BdUd0 , Yd = CdXd. (8)

The continuous-time model (8) is converted to the following
discrete-time model (9):

Xd(k + 1)=ΦdXd(k) + ΓdUd0(k) (9)

where

Φd =eAd ts , Γd =
∫ ts

0
eAd ts Bddt, Xd =[Ud, Uq , Iide , Iiqe ]

T

Yd = [Iide , Iiqe ]T , Ud0 = [Vid − VLde , Viq − VLqe ]
T

Ad =

⎡

⎢
⎢
⎣

0 0 0 0
0 0 0 0
kL 0 0 ω
0 kL −ω 0

⎤

⎥
⎥
⎦ , Bd =

⎡

⎢
⎢
⎣

0 0
0 0
kL 0
0 kL

⎤

⎥
⎥
⎦ , Cd =

⎡

⎢
⎢
⎣

0 0
0 0
1 0
0 1

⎤

⎥
⎥
⎦

T

.

The discrete-time DOB is represented by the following
equations:
⎧
⎨

⎩

X̂d(k + 1) = ΦdX̂d(k) + ΓdUd0(k) + L
[
Yd(k) − CdX̂d

]

Û =
[
Ûd , Ûq

]T

(10)
where X̂d = [Ûd , Ûq , Îide , Îiqe ]T is the estimated vector,
L ∈ R4x2 is the observer gain matrix, and Û is the estimate
of the disturbance vector with its relevant d−q components. As
shown in (5), the disturbance vector U can be calculated by the
formula with the load current term and the reference voltage
term. However, in this paper, the disturbance vector is directly
estimated and predicted by the discrete-time KF as a lump quan-
tity from the input and output of the system in order to deal with
the parameter variations, uncertainties, and noises. It is noted
from (10) that both the estimates and one-step-ahead predicted
values of the disturbance are simultaneously extracted from the
discrete-time observer that is designed with a predictor-corrector
technique [34].

The error dynamics of the DOB is obtained from (9) and (10)
as follows:

Xde(k + 1) = (Φd − LCd) Xde(k) = ΦeXde(k) (11)

where Xde = Xd − X̂d and Φe = Φd − LCd .

The gain matrix L is calculated in the form of a prediction-
type KF [34] to minimize the variance of the estimation error
in the presence of process and measurement zero-mean white
noise with given statistic properties identified by Q and R

L = ΦdKCT
d

(
R + CdKCT

d

)−1
(12)

where K is the covariance matrix of the estimation error, which is
also the solution of the following discrete-time algebraic Riccati
equation (DARE):

ΦdKΦT
d −ΦdKCT

d

(
R + CdKCT

d

)−1
CdKΦT

d −K + Q=0.
(13)

Considering (12), the DARE (13) can be rewritten as
follows [34]:

(Φd − LCd) K(Φd − LCd)
T + LRLT − K + Q = 0

⇔ ΦeKΦT
e − K = −LRLT − Q.

(14)

The DARE (14) indicates that there exists a positive-definite
matrix K with given R and Q, such that

ΦeKΦT
e − K < 0. (15)

Let the Lyapunov function be selected as the following:

Vd(k) = XT
deKXde

ΔVd = Vd(k + 1) − Vd(k) = XT
de(Φ

T
e KΦe − K)Xde ≤ 0.

(16)

As indicated in (16), ΔVd is negative or equal to zero only
at Xde = 0. This implies that the matrix Φe is stable. In other
words, the DOB guarantees the global asymptotic stability that
ensures the estimation errors to converge to zero.

Remark 1: Gaussian white-noises from the system and mea-
surements (ξ, η) are taken into account in the KF [5], [14], [20],
and then (6) can be rewritten as follows:

{
Xd(k + 1) = ΦdXd(k) + ΓdUd0(k) + ξ

Yd(k) = CdXd(k) + η
. (17)

The observer gain matrix L is selected to minimize the steady-
state covariance by solving the DARE (13), which is tuned by
adjusting the design matrices Q = E(ξξT ) and R = E(ηηT )
in (12) and (13), respectively. That is, Q is tuned by gradually
increasing its values to achieve the desired fast convergence,
whereas R is tuned by decreasing its values with expected less-
noise measurements until the observer performance is achieved
satisfactorily. In case of large Q (i.e., significant model noise)
and small R (i.e., small measurement noise), L is large, so a fast
observer with a high bandwidth can be achieved. Due to the
separation principle [34], the DOB gain matrix can be selected
independently from the controller gain matrix with the desired
additional poles in the closed-loop system. Consequently, the
importance of the DOB is manifold as follows: simplify the
model for the controller design, improve the overall control per-
formances with the disturbance rejection approach (especially
the robustness), and improve the stability [34], [35].
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IV. MODEL PREDICTIVE VOLTAGE CONTROLLER DESIGN

WITH MOV

A. Observer-Based Prediction

It is assumed that the proposed predictive control algorithm
causes one sampling-time delay. Therefore, one-step-ahead pre-
diction is set to compensate for this delay. First, the load currents
are estimated as ÎLd(k), ÎLq (k) by the observer. Then the refer-
ence inverter currents are calculated from (2) as I∗id(k), I∗iq (k),
and the state error Xe(k) at time step k is calculated from (3). At
the same time, the estimated and predicted disturbance values
Û(k), Û(k + 1) are directly obtained from the observer (10).
The one-step-ahead prediction Xe(k + 1) of the state error is
calculated by using (6). Once more, the two-step-ahead predic-
tion Xe(k + 2) of the state error is represented by

Xe(k + 2) = CX (k) + ΓVi(k + 1) (18)

where

CX (k) = Φ2Xe(k) + ΦΓÛ(k) + ΦΓV ∗
i (k) + ΓÛ(k + 1)

(19)
and V ∗

i (k) is the control input applied during the kth sampling
period, which is calculated by the predictive controller at the
previous time step (k−1). CX (k) and Γ in (18) are four-column
matrices that can be decomposed as

CX (k) =
[
CT

12(k), CT
34(k)

]T ∈ R4×1 , Γ =
[
ΓT

12 , ΓT
34

]T

∈ R4×2

The predicted voltage vector is extracted from (17) as

VL e(k + 2) = C12(k) + Γ12Vi(k + 1) (20)

where VLe(k + 2) = [VLde(k + 2), VLqe(k + 2)]T .

B. MPC Optimization Problem and Unconstrained Solution

The optimization problem of the MPC can be summarized
with the proposed objective function as follows:

V ∗
i (k + 1) = arg min

(

‖VL e(k + 2)‖2 + μ
∥
∥
∥Vi(k + 1) + Û(k + 1)

∥
∥
∥

2
)

(21)

subject to (20) and (22).

where μ �[0, 1]� R is the only weighting factor, Û(k + 1) =
[Ûd(k + 1), Ûq (k + 1)]T is the disturbance vector, and ‖.‖ is
the Euclidean norm.

In case of using an SVPWM technique, the input voltage
vector has the following theoretical constraints [20]:

√
3 |Viα (k + 1)| + |Viβ (k + 1)| ≤ 2√

3
Vdc , |Viβ (k + 1)|

≤ Vdc√
3

(22)

where Viα , Viβ are the components of the voltage input vector in
the stationary α−β reference frame and Vdc is the dc-link volt-
age. Note that this paper focuses on the control input constraints

Fig. 2. Error vectors between the conventional FCS solution and the CCS
explicit solution in two different operating modes considering the control input
constraints in a three-phase inverter.

as strict constraints like [19], [20], whereas other constraints
can be handled by the proposed online reselection process in
the constrained mode. However, the other constraints are not
critical, which are subjected to the protection functions of other
software and hardware such as relays and circuit breakers.

The constraint (22) represents a feasible set for the input
control vector Vi(k + 1) as a convex set in a hexagon as shown
in Fig. 2. The objective function in (21) is obviously convex as
a positive quadratic function.

By directly substituting (20) into (21), the objective function
in (21) can be rewritten as follows:

J = ‖Cμ + ΓμVi(k + 1)‖2 (23)

where C
μ

= [
C12(k)
μÛ(k + 1)

] ∈ R4×1 , Γμ = [
Γ12
μI2×2

] ∈ R4×2 , and

I2×2 is the 2 × 2 identity matrix.
Temporally neglecting the constraint (22), the optimiza-

tion problem (21) is now considered as a free-constrained
least-squares problem with the objective function (23). It is
noted that Γμ is a tall matrix and has independent columns.
Therefore, the Gram matrix ΓT

μ Γμ is invertible. The unique
least-squares solution of this unconstrained problem is called
the unconstrained OV

VOV (k + 1) = −(
Γμ

T Γμ

)−1
Γμ

T Cμ. (24)

The solution (24) depends on two types of data. First, the of-
fline data (Φ, Γ) depend only on the nominal parameters of the
system. Next, the online data including Xe(k), V ∗

i (k), Û(k),
and Û(k + 1) depend on the current states of the system. In the
OV (24), the matrix (ΓT

μ Γμ)−1ΓT
μ and most components of Cμ

in (23) such as Φ2 , ΓΦ, and Γ in (19) can be also prepared offline
in advance as the constants in real-time implementation. Mean-
while, the online data is continuously updated with a receding
horizon policy of the MPC. Therefore, this remark should be
considered appropriately to achieve a computational efficiency
and obtain the OV (24) in real-time applications.
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Remark 2: When considering a special case with μ = 0, the
global minimum of the objective function (23) is zero. In this
case, the general optimal solution (23) now becomes the solution
of the algebraic (23), J = 0 and this solution (24) offers the
deadbeat control law [18], [20], [35].

C. MOV with Simplified Finite Control Options

This section elaborates an approach to achieve the optimality
in the constrained mode that takes the input constraints (22) into
account via an online solution to deal with the online changes
of an objective function (21) in the constrained mode. First,
the conventional FCS approach is analyzed as a motivation for
the proposed approach. Then, a new algorithm is derived by
integrating the MOV, the sector-based SVPWM technique, and
the online evaluation in a fashion like FCS-MPC to improve the
control performance.

Fig. 2 shows the error vectors (in view of an ideal CCS-MPC
with a modulator) created by the conventional FCS algorithm
in two different operating modes considering the input control
constraint (22) in a three-phase inverter. The explicit solution of
the MPC optimization problem (21) for each mode is assumed
to be found, which is represented by VOV1 and VOV2 as shown
in Fig. 2. In the first operating mode illustrated in Fig. 2, the
constraint (22) is satisfied when the global optimal solution VOV
(24) locates inside the hexagon, so VOV is feasible for the con-
strained optimization problem (21) (i.e., VOV1 = VOV ), which
mathematically achieves the global minimum at VOV1 . This is
the mode when the system works in the steady state (i.e., VOV
draws a circular locus as shown by the dashed circle in Fig. 2)
or in some transient states near the equilibrium point. Even
though the explicit solution VOV1 can be calculated by (24), the
conventional FCS algorithm cannot select VOV1 , which does
not belong to the FCS (i.e., V0 , V1 , . . . , V7). In Fig. 2, the best
candidate vector provided by the conventional FCS algorithm
would be V1 associated with an error (i.e., δV1 = VOV1 − V1).
In practical applications, the error δV1 can be considerable if
the difference between the dc-link voltage and the equilibrium
control input (V ∗

i ) is large. Note that this error critically de-
grades the control quality of the output voltage, especially with
the high THDs and large SSEs in the steady state [2], [19]. In
the second operating mode, the constraint (22) is violated when
the global optimal solution VOV locates outside the hexagon as
shown in Fig. 2, so VOV is not feasible for the optimization prob-
lem (21) (i.e., VOV2 �= VOV ). This is the mode that the system
works in some transient states far from the equilibrium point
and a large control input is required to direct the system to the
equilibrium. As depicted in Fig. 2, the constrained optimization
problem (21) achieves the minimum at the constraint border
with VOV2 . However, the conventional FCS algorithm cannot
exactly select VOV2 , which does not always belong to the FCS.
In Fig. 2, the best candidate vector provided by the conven-
tional FCS algorithm would be V1 associated with an error (i.e.,
δV2 = VOV2 − V1). Note that the conventional FCS algorithm
can select the maximum possible control input among the six
active vectors (i.e., V1 , V2 , ..., V6) to achieve the fast dynamic
response [28]. However, the error δV2 with amplitude and phase

Fig. 3. Modulated optimal voltage vector with the proposed MPC considering
the control input constraints in a three-phase inverter.

components can degrade the transient response properties due
to overshoot and long settling time. In case that the sampling
and switching frequencies are low, both δV1 and δV2 are ap-
plied in a long period of time, which worsens the control output
quality. In summary, the errors (δV1 and δV2) generated by the
conventional FCS algorithm in both modes can deteriorate both
the steady-state and transient-state performances.

Fig. 3 shows the modulated optimal voltage vectors with
the proposed MPC considering the control input constraints
in a three-phase inverter to deal with the error vectors (δV1
and δV2) as mentioned in the previous paragraph. Unlike the
conventional FCS-MPC, the global optimal solution (VOV ) is
calculated by (24) and effectively utilized by the proposed MPC
algorithm to improve both the steady-state and transient-state
performances. In the first operating mode described in Fig. 3,
VOV (24) is directly applied with an SVPWM technique if the
constraint (22) is satisfied, and then the error vector is elimi-
nated (i.e., δV1 = VOV1 − VOV = 0). Meanwhile, in case that
the constraint (22) is violated, VOV is scaled into VMOV and
the simplified control set (i.e., Vleft , VMOV , and Vright) is di-
rectly evaluated to reselect the OV, VOV2 . Note that the Vleft and
Vright are two basic vectors of the sector r where VOV locates
(i.e., V1 , V2 , and VMOV with r = 1 in Fig. 3). As illustrated
in Fig. 3, the constrained OV (VOV2) is determined by the tan-
gent point between the hexagonal boundary and the contour
of the quadratic objective function. The optimality associated
with VOV2 , which can be located using the SDA in [31], is
only for a predefined objective function of the unconstrained
mode. Furthermore, the implementation of VOV2 in the CCS-
MPC needs a modulator with an assumption on high enough
switching frequency [35]. However, this paper proposes a direct
method like FCS-MPC that can track a new objective function
in the constrained mode to achieve the transient performance
different from the steady-state performance. In this paper, a
simple reselection algorithm is proposed to take the advantages
of the OV, the discrete switching states, and the sector-based
PWM. That is, the hexagonal constraint boundary is simpli-
fied into the inner circle of the hexagon (i.e., the dashed circle
in Fig. 3) and the number of the candidate vectors is reduced
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Fig. 4. Flowchart of the proposed MPC algorithm with the MOV.

from five to three. Note that the space vector modulation (SVM)
cannot reach all the hexagon space due to the limited switching
frequency of the power transistors and the unavoidable delay.
Therefore, the boundary is often simplified as the inner circle
shown in Fig. 3 [20] considering the practical implementation of
the SVM.

For example, as shown in Fig. 3, if the VOV (24) belongs
to the region 1 (r = 1) then the tangent point should locate
somewhere on the boundary of the combined region of three
sectors (i.e., 6, 1, and 2) only because both the contour and the
constraint are convex, so the new FCS should be a five-element
set (i.e., V6 , V1 , VMOV , V2 , and V3). In an SVPWM, a maximum
reference vector such as VOV2 in the sector (r = 1) is realized
by only two basic vectors (V1 , V2) within one switching period.
Therefore, only these two vectors are selected in addition to the
MOV for an online evaluation. Note that the online evaluation
is not limited to the predefined objective function of the uncon-
strained mode [31], and an independent and online configured
objective function can be tracked by the constrained mode to
achieve the desired transient performance. In this mode, the
control algorithm is efficient in computation due to the simpli-
fied finite control options with only three candidates (i.e., Vleft ,
VMOV , Vright), especially the VMOV is already known from the
unconstrained mode.

Note that the proposed method is different from the switched
MPC [30] because of the following: first, the unified model (6) is
utilized for both modes with the disturbance-rejection approach;
second, the constrained mode inherits the scaled OV with the
SVM (named as the MOV) from the unconstrained mode; third,
the direct evaluation algorithm uses the finite control options
with only three candidates; finally, the hysteresis band is not
needed due to the DOB.

Fig. 4 shows the flowchart of the proposed MPC algorithm
with the MOV described in this paragraph. Then, the overall
design procedure for the proposed MPC method is summarized
as follows:

Fig. 5. Experimental setup with a prototype three-phase inverter test bed.

1) identifying the constant matrices (A, B, C) of the
continuous-time error dynamic model (4);

2) converting the continuous model (4) into the discrete
model (6) by using MATLAB;

3) selecting the weight matrices Q and R in (12) and (13) and
then tuning the observer gain matrix L in (10) as shown
in Remark 1;

4) preparing the offline data: Φ2 , ΦΓ, Γμ , (ΓT
μ Γμ)−1ΓT

μ as
mentioned in Remark 2 to form the online global OV VOV
(24) with respect to the specific objective function and
weighting factor μ in (21);

5) following the algorithm in Fig. 4 to obtain the OV V ∗
i

(k + 1).
The overall stability of the proposed MPC method is en-

sured in which the finite-control-option-based selection drives
the system to a bounded terminal region [25], [30] where the
unconstrained optimal solution (24) no longer violates the input
constraints (22). In the bounded terminal region (i.e., the input
constraints are released), the unconstrained optimal solution
ensures the asymptotic stability [5], [30].

Remark 3: In a special case that the contours in Fig. 3 are
circles, the MOV is the explicit solution for the constrained
mode because the tangent point of two circles locates on the
connecting-centers line, VMOV = VOV2 . This case represents
only a specific case of the objective function as shown in [20],
which is also the simplest case for the online computing algo-
rithm. In a general case of the objective function (21), the MOV
is inherited from the unconstrained solution (24) to reduce the
online computation. In this paper, the proposed method aims at
using the direct online evaluation (in a fashion like FCS-MPC)
in the constrained mode to deal with the changes of the objec-
tive function, the constraints, and the model (even change to a
nonlinear model), so an optimal explicit solution is needed only
for the unconstrained mode, but not for all the operating range
like [29], [30].
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V. COMPARATIVE EXPERIMENTAL RESULTS

A. Experiment Platform

Fig. 5 shows the experimental setup with a prototype three-
phase inverter test bed including the power circuit and the DSP-
based control system. First, the power circuit comprises of a
2-kVA class three-phase inverter, a dc-link (Vdc = 295 V), a
LC filter (Lf = 10 mH, Cf = 6.6 μF), and prototype loads.
Next, the digital control system with a 16-bit floating-point TI
TMS320F28335 DSP receives the measured inverter current
and load voltage feedbacks from the CTs and voltage transduc-
ers and gives the control signals to the insulated-gate bipolar
transistor (IGBTs) of the three-phase inverter via an SVPWM
technique and a gate driver. In this paper, the control algorithm
is implemented to ensure a fundamental frequency of 60 Hz and
a line to neutral voltage of 110 Vrms for the load.

B. Observer Gains and Weighting Factor Selection via
Closed-Loop Dynamic Responses

This section elaborates the selection of the observer gain L
and the weighting factor μ by experimentally monitoring the
closed-loop dynamic responses upon the reference step-change
from 0 Vrms to 110 Vrms at no-load condition. The dependence
of the closed-loop behavior on the observer gain L and the
objective weighting factor μ is analyzed and then verified by
the experimental results.

First, the DOB performance depends on the gain matrix
L ∈ R4×2 , which is optimally calculated from the covari-
ance matrixes indicating the statistics properties Q = E(ξξT )
and R = E(ηηT ). The DOB gain is selected via adjusting
Q = E(ξξT ) and R = E(ηηT ) in (12) and (13), respectively.
With low noise measurements, Q can be tuned with high values,
whereas R is tuned with small values to achieve the desired fast
convergence. In case of large Q and small R (i.e., small mea-
surement noise), the observer gain L is high, so a fast observer
can be achieved. But in return, the noise rejection capability
is reduced [19]. Therefore, to take the advantages of the noise
filtering of the DOB, a fine tuning technique is needed via experi-
ments. For simplicity, R is fixed as the identity matrix, i.e., R =
I2×2 and Q is adjustable, i.e., Q = λI4×4 via the weighting
factor λ.

Second, there is a tradeoff between the control performances
and the control efforts [5] in optimal control as shown in (21)
with the relative factor μ. As mentioned in Remark 2, the pro-
posed control method becomes the deadbeat control as the most
aggressive controller by simply setting μ = 0. Theoretically,
the output voltage can be set to the reference values within two
sampling periods (i.e., the order of LC filter model is two) as
the fastest settling time can be achieved. However, the deadbeat
control is very sensitive to model uncertainties, parameter per-
turbation, and measurement noise [18], [20]. Despite the fact
that the DOB can increase the stability margin, the deadbeat
control law can result in the instability due to its aggressive
reaction against unpredicted noises [20].

Meanwhile, the disturbance vector is estimated with the DOB
(10) and directly compensated for by the control input as shown
in the second term of the objective function (21). As long as

μ increases, the disturbance compensation term increases, then
the control performance is less sensitive to noises and uncer-
tainties but in return, the dynamic response of the controller
is slow. Unfortunately, the uncertainties, parameter variations,
and noises are unknown meanwhile the fast dynamic response
is desired. Therefore, the tuning procedure of the weighting fac-
tor μ should be implemented experimentally on the test bed
by investigating the control performances with a step-change
of the reference inputs from 0 Vrms to 110 Vrms at no-load
condition. The weighting factor tuning starts with μ = 1 and
then μ is further decreased depending on the noise level of the
experimental setup until the desired performances are obtained
experimentally. It is worth to note that the gain tuning of the
proposed method is much simpler than the conventional PI con-
trol [6] and the optimal control linear-quadratic regulator (LQR)
[5] due to two independent modes (i.e., constrained mode and
unconstrained mode) with different objective functions. The un-
constrained mode can be fixed with an offline objective function,
whereas the constrained mode can track a flexible online objec-
tive function via only one scalar weighting factor in a limited
range [0, 1].

Finally, Fig. 6 shows the closed-loop performances of the
proposed MPC method with a step-change reference at no-load
condition to confirm the assessment mentioned above. Fig. 6(a)
illustrates the load phase voltage error (vLA − v∗

LA ) dynamics
under different gain scenarios by changing the weighting factor
λ. In this figure, when increasing the matrix Q (i.e., increas-
ing the observer gain L), the load voltage error converges more
quickly. However, in return, when Q is large (i.e., large λ),
there are some noises in the dynamics. Therefore, an appropri-
ate observer gain is obtained with λ = 1e9 for the experimental
setup as shown in Fig. 6(a). Next, Fig. 6(b) shows the tracking
responses of the load phase voltage (vLA ) and d-axis voltage
(VLd ) with different weighting factor μ. When μ = 1, the out-
put waveforms exhibit good steady-state performance with less
distortion and small error, but the dynamic response in transient
state is quite slow. On the other hand, when μ = 0.005, a fast
dynamic response is observed during the transient, but the ag-
gressive behavior of the controller is sensitive to the noises, so
the DOB takes longer time to suppress these disturbances to sta-
bilize the system. However, when μ = 0 (i.e., deadbeat control
law), even with the help of the DOB, the system exhibits the
instability. To compromise these differences, the weighting fac-
tor is tuned around the value μ = 0.1. However, the proposed
MPC method can achieve the advanced performances with two
different settings in two modes (i.e., unconstrained mode and
constrained mode). Fig. 6(c) shows the closed-loop dynamic
performance with final tuning values (i.e., μ = 0.15 in the un-
constrained mode to achieve a good steady-state regulation and
μ = 0.015 in the constrained mode to achieve a fast dynamic
response). In Fig. 6(c), the good performances are attained by
showing the small steady-state errors (0.8%) at both references,
fast reference voltage tracking (within about 1.2 ms) with small
overshoot, and low THD (0.2%). Note that in this figure, the
load d−q axis voltage (VLd , VLq ) and the Euclidean norm of
the control input (Vi) gradually reach a steady-state value and
keep stable with a small overshoot. In practice, these tracking
performances are deserved well because the control input does
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Fig. 6. Closed-loop performances of the proposed MPC method with a step-
change reference at no-load condition. (a) Load phase voltage error (vLA −
v∗

LA ) dynamics with different weighting factors, λ. (b) Load phase voltage
(vLA ) and d-axis voltage (VLd ) tracking dynamics with different weighting
factor μ. (c) Closed-loop dynamic response with final tuning values (i.e., λ =
1e9 , μ = 0.15 for the unconstrained mode, and μ = 0.015 for the constrained
mode).

not generate any voltage pulse that harms the voltage insulation
of the power switching devices.

C. Robustness Against Parameter Uncertainties

This subsection evaluates the robustness of the pro-
posed MPC method by investigating the insensitivity of the

Fig. 7. Robustness and constraints regulating capability of the proposed MPC
method. (a) Experimental waveforms of the two different designs (i.e., +100%
and –60% uncertainties in both Lf and Cf ). (b) Inverter currents in case of
uncritical (upper waveforms) and critical (lower waveforms) constraints.

controlled output against parameter uncertainties under load
step-change conditions. In this paper, the parameter variations
are considered with two control designs that are derived from
different LC values but implemented on the same experimental
setup under the same scenario (i.e., load sudden change from
no-load to full-load) [22]. The first design (Design 1) is selected
with +100% parameter uncertainties (i.e., Lf = 2.0 × 10 =
20 mH, Cf = 2.0 × 6.6 = 13.2 μF). Next, the second design
(Design 2) is chosen with –60% parameter variations (i.e.,
Lf = 0.4 × 10 = 4 mH, Cf = 0.4 × 6.6 = 2.66 μF). It is
noted that since the most common tolerances of the LC values are
only within ±10% around the nominal values provided by the
manufacturers [5], these two designs are selected in this paper
to make more challenge to the controller with severe parameter
uncertainties.

In this paper, the output insensitivity is evaluated by three
criteria of the output voltage (i.e., RMS values, frequencies,
and THDs). Fig. 7(a) shows the experimental waveforms of the
two different designs mentioned above. This figure displays the
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phase A load voltage (vLA ), estimated disturbances (Ûd , Ûq ),
and phase A load current (iLA ). As shown in Fig. 7(a), the
waveforms of Design 1 (upper positions) and Design 2 (lower
positions) are experimentally captured and then measured by
using a digital oscilloscope. In this figure, the RMS values of
the phase A voltage are measured as 109.8 Vrms (vLA+ 1 0 0 % )
and 109.6 Vrms (vLA−6 0 % ), respectively. Also, the measured fre-
quencies of Design 1 and Design 2 are 60.01 and 60.02 Hz,
respectively. Next, the measured THD values of the two out-
put voltages (vLA+ 1 0 0 % , vLA−6 0 % ) are observed as 1.1% and
1.2%, respectively. It is noted that these slight differences ex-
hibit the insensitivity of the proposed MPC method against pa-
rameter uncertainties. To this end, the proposed MPC method
can overcome the main drawback of the MPC, i.e., the heavy
dependency on parameters accuracy [2]. Fig. 7(b) shows the
experimental waveforms of the three-phase inverter currents
I i = [iiA iiB iiC ]T to prove the capability of the proposed
MPC method that can deal with other constraints in two cases.
The first case’s waveforms are shown in the upper positions
where the constraints are uncritical because the inverter current
limits are indirectly treated by the algorithm via input con-
straints. The second case’s waveforms are shown in the lower
positions where the constraints are critical by narrowing down
the voltage limits |V C | ≤ (155.6 ± 20% ) V, the current lim-
its |I i | < 2.0 A. Note that these limits are intentionally made
below the limits to be set for voltage and current protection
devices (i.e., overvoltage protection and overcurrent protection
with thermal trip) in order to evaluate the effectiveness of the
proposed MPC scheme on dealing with these constraints. In this
case, the assumed critical constraints are directly included in the
control algorithm by adding the pruning term (high penalty) on
these constraints to the objective function in the constrained
mode. The experimental waveforms in Fig. 7(b) confirm the
fact that all the constraints are treated well with new limits and
the transient response gets slower as the constraints are more
critical.

The key factor that contributes to this robustness is the ef-
fective performance of the KF-based disturbance observer [17],
[34]. As shown in Fig. 7, the disturbance terms of Design 1
(i.e., Ûd+ 100% , Ûq+ 100% ) have less ripple than those of Design

2 (i.e., Ûd−60% , Ûq−60% ), but they have the same waveform pat-
terns that successfully catch up with the load-current change.
To comprehensively investigate the robustness of the proposed
approach, the following Section V-D will present more detailed
results with +50% uncertainty of Lf and −50% uncertainty
of Cf .

D. Comparative Case Studies

In order to prove the improvements of the proposed MPC
method, this section shows the comparative results between the
conventional FCS-MPC scheme and the proposed MPC scheme.
In this paper, the proposed MPC technique uses the sampling
frequency of 30 kHz and a fixed switching frequency of 5 kHz
with the SVPWM technique, whereas the conventional FCS
scheme uses the same sampling frequency of 30 kHz but a
variable switching frequency to ensure the average switching

Fig. 8. Loads of an experiment platform. (a) Three-phase resistive load with
star-connected resistors. (b) Nonlinear load with a three-phase diode rectifier.

frequency at about 5 kHz [27]. Note that the fast sampling is the
bottle neck for implementing the conventional FCS algorithm
because the allowable time for algorithm computation is limited
by the sampling period [19]. For a fair comparison, the exper-
iments are conducted with the sampling frequency of 30 kHz
for FCS-MPC [19] with TI TMS320F28335 to prove the less
complexity of the proposed algorithm. Despite the fact that the
proposed MPC method requires less online computation com-
pared with the conventional FCS-MPC so it can works with a
higher sampling rate, the sampling rate should be chosen appro-
priately considering the capability of the digital platform and the
control performance. It is well known that the fixed switching
scheme is preferable to the variable switching scheme in practi-
cal applications because the latter has some disadvantages such
as difficult electromagnetic interference (EMI) filter design, un-
even switching loss-distribution over the switches, unwanted
resonances due to the self-resonance frequency of the LC filter
[2], etc.

As illustrated in Fig. 8, experiments are performed on two
different kinds of loads: a resistive load and a diode rectifier load.
Fig. 8(a) shows a three-phase load with a resistor (RL = 70 Ω)
per phase, whereas Fig. 8(b) depicts a three-phase full-bridge
diode–rectifier load with an inductor (L = 10 mH), a capacitor
(C = 330μF), and a resistor (R = 200 Ω).

In this paper, the following cases provide comprehensive
comparative results under different types of the load conditions:

Case 1: Step-change load under model uncertainties with
+50%Lf and −50%Cf .

Case 2: Unbalanced load under model uncertainties with
+50%Lf and −50%Cf .

Case 3: Nonlinear load under model uncertainties with
+50%Lf and −50%Cf .

Case 1 demonstrates the transient- and steady-state perfor-
mances in case that the three-phase resistive load is abruptly
applied to the inverter. Next, Case 2 shows the transient- and
steady-state performances when phase A is suddenly opened.
Finally, Case 3 is also selected to show the steady-state per-
formances in case of a three-phase diode rectifier. To compre-
hensively verify the robustness under parameter uncertainties in
addition to Section V-C, model uncertainties with +50%Lf and
−50%Cf distortions are set under all investigated cases. That
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Fig. 9. Comparative experimental results in Case 1 (i.e., load step-change from zero to full load). (a) Conventional FCS-MPC scheme. (b) Proposed MPC
scheme. (c) Conventional nested-loop PI control scheme.

Fig. 10. Comparative experimental results in Case 2 (i.e., unbalanced load with phase A suddenly opened). (a) Conventional FCS-MPC scheme. (b) Proposed
MPC scheme.

is, the control design is built on the distorted parameters (i.e.,
L = 1.5 × 10 = 15 mH, C = 0.5 × 6.6 = 3.3 μF).

Figs. 9–11 present the comparative experimental results of
the conventional FCS-MPC scheme and the proposed MPC
scheme under Cases 1 to 3, respectively. In each figure, the
subfigures (a) and (b) show the experimental results of the con-
ventional FCS-MPC scheme and the proposed MPC scheme,
respectively. Each subfigure shows the three-phase load volt-
ages (V L = [vLA , vLB , vLC ]T ), estimated disturbance vector
in d−q components (Û = [Û d , Û q ]T ), and three-phase load
currents (IL = [iLA , iLB , iLC ]T ). It is noted that only three
kinds of waveforms are intentionally chosen in each subfigure
because they can efficiently present the transient- and steady-
state performances of each control scheme. That is, V L and
IL illustrate the sinusoidal-shape waveforms that identify the

sudden-change instants, qualitatively. Meanwhile, Û effectively
shows the disturbances that significantly affect the control per-
formances.

1) Transient- and Steady-State Performances Under Load
Step Change with +50%Lf and −50%Cf : Fig. 9(a) and (b)
show the comparative performances between the conventional
FCS-MPC scheme and the proposed MPC scheme under load
step changes with +50%Lf and −50%Cf , respectively.

In Fig. 9(a), the conventional FCS method shows the fast re-
sponse properties with the recovering time within about 1 ms
after the sudden disturbance. However, there are high ripples in
the waveforms that cause longer settling time during the tran-
sient, higher THD (2.1%) at steady state, and especially larger
SSE (1.4%) in the steady state considered as a typical draw-
back of the FCS-MPC scheme. On the other hand, the proposed
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Fig. 11. Comparative experimental results in Case 3 (i.e., nonlinear load with the crest factor = 2.90). (a) Conventional FCS-MPC scheme. (b) Proposed MPC
scheme.

Fig. 12. Spectrum analysis of the load phase voltage and current for the con-
ventional FCS-MPC scheme (upper positions) and the proposed MPC scheme
(lower positions) in Case 3 (i.e., nonlinear load with the crest factor = 2.90).

MPC scheme also exhibits the fast recovery time within about
1 ms as shown in Fig. 9(b). However, its output voltage quality
is better with only 0.3% in SSE and about 0.8% in THD than
the conventional FCS-MPC scheme. In Fig. 9(a) and (b), both
schemes show small SSEs before and after sudden disturbance
because the DOB successful catches up with the disturbance
sources. Note that the steady-state error is the main drawback of
the FCS-MPC [28] due to its heavy dependence on system pa-
rameters. Fig. 9(c) shows the comparative experimental results
of the conventional nested-loop PI control scheme to validate
the superiority of the proposed MPC scheme. In Fig. 9(c), the
conventional nested-loop PI control method shows the follow-
ing responses: recovering time (2.2 ms), THD (0.85%), and SSE
(1.0%). In order to achieve a fair comparison, the PI gains of the
conventional PI control scheme are retuned carefully using two
gain settings as described in [18] by comparing its closed-loop
response with the performance of the proposed MPC method
shown in Fig. 6(c). Then the optimal performance of the con-
ventional PI controller is achieved when any further tuning by
increasing or decreasing these PI gains may degrade the control
performance [18]. Finally, the comparative results in Fig. 9 val-
idate the distinctive advantages of the proposed MPC scheme
over the conventional methods due to the two-mode approach
and the DOB. Note that if the PI gains are not tuned again under
the parameter uncertainties, the control performances are not

acceptable. Meanwhile, the proposed MPC method can work
well without retuning effort due to the DOB.

2) Transient- and Steady-State Performances Under Unbal-
anced Load With +50%Lf and −50%Cf : Fig. 10 shows the
comparative results of the two control schemes with +50%Lf

and −50%Cf when phase A is unexpectedly disconnected. In
this figure, both the voltage controllers show very fast responses
at the disturbance instant with nearly no change in the out-
put waveforms (i.e., recovered within about 0.5 ms). However,
the proposed MPC scheme show the better steady-state perfor-
mances in Fig. 10(b) with much lower SSE (0.4%) and THD
(0.65%) in comparison with the conventional FCS-MPC scheme
(i.e., 2.2% and 1.8% in SSE and THD, respectively) shown in
Fig. 10(a). In this case, the disturbance waveforms under unbal-
anced load show some ripples as a source of periodically varying
disturbances. Nevertheless, these disturbances are compensated
for to achieve the good performances on the output voltages as
shown in Fig. 10.

3) Steady-State Performance Under Nonlinear Load With
+50%Lf and−50%Cf : Fig. 11 shows the comparative steady-
state performance of the conventional FCS-MPC scheme and the
proposed MPC scheme under a nonlinear load with +50%Lf

and −50%Cf . In this load condition, the output waveforms
of both the control methods are distorted due to high-slope
changes of the load currents caused by the three-phase diode
rectifier. In this case, both the observers and the controllers have
to deal with the fast changes of the load currents. Fig. 11(a)
shows the waveforms of the conventional FCS-MPC scheme
with 1.6% in SSE and 2.6% in THD, whereas Fig. 11(b) shows
the performance of the proposed scheme with 0.4% in SSE
and 1.2% in THD. In Fig. 11, the nonlinear load exhibits a
fast varying disturbance and especially a high-slope disturbance
(i.e., crest factor = 2.90) that causes the degradation on output
control performances. It is noted that there are some distortions
in the output waveforms causing high THDs at the instants when
the disturbance sources abruptly change.

Fig. 12 depicts the spectrum analysis of the load phase volt-
age and current for the conventional FCS-MPC scheme (upper
positions) and the proposed MPC scheme (lower positions) in
Case 3 (i.e., nonlinear load with the crest factor of 2.90). As
shown in Fig. 12, the major harmonic contents of the fundamen-
tal frequency of 60 Hz are 5th, 7th, and 11th, and the proposed
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TABLE I
QUANTITATIVE STEADY-STATE PERFORMANCE COMPARISON BETWEEN THE

CONVENTIONAL SCHEME AND THE PROPOSED SCHEME

Investigated cases Step change Unbalanced Nonlinear
Case 1 Case 2 Case 3

Conventional FCS-MPC scheme
Experiment THD (%) 2.1 2.2 2.6

SSE in RMS (%) vLA 1.4 1.4 1.6
vLB 1.3 1.8 1.6
vLC 1.3 1.8 1.5

Proposed MPC scheme
Experiment THD (%) 0.8 0.65 1.20

SSE in RMS (%) vLA 0.3 0.2 0.4
vLB 0.2 0.4 0.4
vLC 0.3 0.4 0.3

MPC scheme shows smaller values of these harmonics than
the conventional FCS-MPC scheme. In particular, the spectrum
of the load voltage waveform of the conventional FCS-MPC
scheme shows that higher harmonic contents are unpredictably
distributed over the time and phase. These high harmonics make
the filter design difficult and cause the EMI problems [2] be-
cause of its variable frequency. Furthermore, the unpredictably
distributed harmonics and variable switching frequencies of the
conventional FCS-MPC scheme result in uneven and variable
switching loss-distribution over the switches and unwanted res-
onances due to the self-resonance frequency of the LC filter.

To quantitatively assess the experimental results (see
Figs. 9–12) of the conventional FCS-MPC scheme and the pro-
posed MPC scheme under three cases, Table I summarizes the
steady-state performances with THDs- and RMS-based SSEs
of the output voltages as widely used in [5], [10]–[12], [18]. As
listed in Table I, the steady-state performances of the proposed
MPC scheme show more advanced quality on the controlled
outputs with low THDs and small SSEs compared with those of
the conventional scheme. This can be achieved by the MOV with
a continuous OV and the SVM as described in Section IV-C. It
is worth noting that the proposed MPC scheme accomplishes
the superior output quality with a fixed switching frequency of
5 kHz under parameter variations with +50%Lf and −50%Cf .

VI. CONCLUSION

This paper proposes an efficient MPC method for three-phase
inverter systems with output LC filters offering the follow-
ing benefits: competitive output quality with a fixed switch-
ing frequency, robustness under system parameter uncertainties
and variations, and fast dynamic responses with a simplified
algorithm. The proposed approach focuses on directly solving
a class of flexible optimization problems of the MPC with the
analytical optimal solution (OV) for the unconstrained mode,
using the MOV and limited control options to deal with the
constraints while keeping the simplicity of the algorithm, and
employing the SVM to fix the switching frequency. Further-
more, the KF-based optimal disturbance observer is designed
to handle the parameter uncertainties and variations. This paper
offers the analytical solution of the MPC optimization prob-
lem in the unconstrained mode and the near optimal solution in

transient state. The comparative studies between the proposed
MPC scheme, the deadbeat control law and the conventional
FCS-MPC scheme are conducted in experiments to verify the
effectiveness of the proposed MPC. In addition, the control strat-
egy presented in this paper can be applied to various applications
such as active power filter, dynamic voltage restorer, ac motor
drives using switch-mode converters, etc.
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