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Abstract—Distributed energy resources are often connected to
low-voltage distribution networks where the grid voltages may
be unbalanced. This leads to an unwanted ripple in the output
active power at twice the fundamental grid frequency. In this
paper, a new model predictive current controller is proposed for
unbalanced grids. The variable switching frequency of existing
model predictive controllers is fixed and the power quality is
improved. A Kalman filter estimator is used to extract the
positive and negative sequence components. A new calculation
time compensation technique is proposed, which offers superior
accuracy to existing approaches. A grid voltage discretization
compensation strategy is outlined, and its effectiveness is demon-
strated. Finally, the system stability is verified theoretically.
Simulation and laboratory results are included to prove the
robustness of the proposed controller and support the theoretical
analysis.

Index Terms—Current control, grid connected, modulated
model predictive control, voltage source converter

I. INTRODUCTION

The drive to integrate more renewables into utility grids
means that the number of grid-connected power converters
continues to increase [1], [2]. These distributed energy re-
sources (DERs) are often connected to low-voltage distribu-
tion networks, where the voltage may be unbalanced at the
terminals of the grid-connected converters [3]. Unbalanced
grid voltages lead to unwanted ripple in the active power
output. Therefore, the current controller used in the interfacing
converter must be able to deal with unbalanced grid conditions.

Vector current controllers (VCC) are widely used in grid-
connected applications due to their good steady-state accuracy
[4], however, their dynamic performance is slow compared to
advanced techniques [5]. VCC strategies for unbalanced grids
rely on splitting the current controller into separate positive
and negative sequence frames [6] which doubles the number
of PI controllers [7], leading to tuning difficulty. In addition,
VCCs operate in a synchronous reference frame, therefore,
they require a phase-locked loop (PLL) to synchronise with the
grid [3]. The behaviour of the current controller and PLL are
linked, making their design challenging [8], [9]. The PLL must
perform well during symmetrical and asymmetrical operation
[3], and the PLL topologies proposed for unbalanced grids are
often highly complex and require difficult tuning procedures
to achieve good accuracy and acceptable stability margin [10].

Model predictive control (MPC) is a promising alternative
to VCC, where a predictive model is used to select the
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optimum control sequence [11]. Finite control set MPC (FCS-
MPC) has been widely used but the switching frequency is
variable, which leads to poor power quality. The computational
burden of this approach has been criticized [12], [13], since
all available voltage vectors are evaluated when only one
is actually required [14], [15]. In [15], a reference voltage
vector is calculated to allow the best active vector to be iden-
tified without exhaustive evaluation. However, an additional
deadbeat control stage is required. In [16], a low-complexity
model predictive power control (LC-MPPC) approach was
proposed, where the negative complex conjugate of the power
is selected as the control variable, and the vector which
minimises the power error is selected directly. However, the
variable switching frequency problem of FCS-MPC remains.
In [17], the LC-MPPC was improved by switching between
the active vector and a zero vector and in [18], a second active
vector may be selected instead of a zero vector to further
reduce the error. This achieves a fixed switching frequency,
however, since only two vectors are applied, a complete range
of output voltages cannot be synthesized and zero steady-state
error cannot be achieved. Furthermore, since LC-MPPC uses
the negative complex conjugate of the power as the control
variable, the controller output currents are highly distorted
for unbalanced grids, where the definition of complex power
is not valid. Alternatively, in [19], the FCS-MPC technique
was enhanced by adding a discrete space vector modulator
(DSVM) and defining additional virtual voltage vectors which
the algorithm may select. The resulting technique is known
as MPC-DSVM. However, these virtual voltage vectors must
also be evaluated exhaustively, increasing the computation
time significantly even in the simplest case where only 12
additional vectors are defined. Recently, in [20], a deadbeat
control stage has been used to calculate the approximate output
voltage, then, floating virtual voltage vectors (FVVV-MPC)
are defined close to the approximate value and are evaluated
based on a cost function. However, with these virtual vector
techniques, the range of possible output voltages is still not
continuous. Modulated MPC (MMPC) has been proposed to
overcome the variable switching frequency and poor steady-
state behaviour of existing MPC techniques [21]. In MMPC,
a modulator exchanges between two active and two zero
vectors to achieve a deadbeat response with a fixed switching
frequency, however, the computational burden is high. In
[22], MMPC was extended into the over-modulation region.
The resulting controller achieves a deadbeat response in the
linear region and tends towards the FCS-MPC case in the
over-modulation region, which is known to be optimal. This
approach is refined in [12], where Pythagoras theorem was
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Fig. 1. Overview of symmetrical component extraction techniques for MPC
controllers.

used to remove trigonometric functions from the controller to
improve the performance on DSPs. However, the computa-
tional burden remains high.

For unbalanced grid operation, the symmetrical component
approach is the most common technique and many methods
have been proposed to extract the symmetrical components
[23]. MPC controllers have been proposed using delayed
signal cancellation (DSC) [24], [25]. However, the delay
makes it unattractive for situations with a high current control
bandwidth. To avoid the drawbacks of DSC, MPC current
controllers have been proposed using PLLs [26], [27]. This
introduces all the challenges of PLL design to a system which
would otherwise operate entirely in a stationary frame. In [28],
a predictive controller was proposed using a neural network to
separate the sequence components, however, the learning rate
must be tuned carefully and many trigonometric calculations
are required. In [29] and [30], state observers were employed.
However, the system is complex and the gains must be tuned
carefully to ensure stability [31]. In [32], a sliding-mode
grid voltage observer for unbalanced grids (SMGVO) was
proposed, however, a frequency-locked loop (FLL) is required
which brings all the well-known challenges of FLLs [31].
In [33], a new state-space formulation of the symmetrical
component extraction problem has been developed and an
extended complex Kalman filter (ECKF) was proposed to
estimate the symmetrical components even in noisy systems.
Moreover, the ECKF estimator compares well with the tech-
niques examined in [34], where the response times of dual
second order generalized integrator (DSOGI), moving average
filter (MAF), delayed signal cancellation (DSC) and delay
operation period filter (DOPF) based techniques are estimated.

This paper proposes a new MMPC implementation, which
uses the direction of the current reference vector to select
the active vectors, reducing the computational burden by half
with no degradation in performance. Furthermore, an extended
complex Kalman filter (ECKF) is included to estimate the
symmetrical components of the grid voltage with improved
noise immunity, allowing the proposed MMPC current con-
troller to be extended to an unbalanced system. Moreover,
the ECKF is modified to predict the grid voltage two steps
in advance, thereby providing a new computation time com-
pensation technique and removing the need for the Lagrange
extrapolation. The effects of parameter mismatch and grid volt-

Fig. 2. Two-level grid-connected VSC.

age discretization are examined, and a compensation strategy
is proposed. Compared to existing literature, this proposed
control system offers the following advantages:
1) The proposed MMPC active vectors are selected without

incurring the computational burden of existing exhaustive
evaluation techniques.

2) The symmetrical components are estimated accurately
without a PLL, avoiding tuning and delay issues.

3) The proposed modified ECKF estimator achieves superior
noise rejection compared with existing DSC techniques.

4) The controller computation time is compensated without
relying on a Lagrange extrapolation, improving the tran-
sient and steady-state behaviour.

5) The effects of grid voltage discretization are fully analysed
and compensated to reduce the steady-state error.

This paper is organized as follows. Section II derives the
new MPC equations. Section III describes the modified ECKF
estimator. Section IV describes the proposed control system.
Section V studies the effects of parameter mismatch and grid
voltage discretization and proposes a compensation method.
Section VI verifies that the proposed controller is stable in the
sense of Lyapunov in the vicinity of the steady-state. Section
VII studies the proposed control system in simulation and
compares it with two existing MPC controllers. Section VIII
includes the results of the experimental validation. Section IX
compares the computational burden of the proposed technique
and the conventional MPC.

II. PROPOSED MODULATED MODEL PREDICTIVE
CURRENT CONTROLLER

This section describes an alternative implementation of
MMPC current control offering reduced computational burden
without sacrificing the system performance.

A. Mathematical Model of a Two-Level VSC
A circuit diagram of a grid-connected VSC interfaced via

an L-filter is provided in Fig. 2.[
vtα
vtβ

]
=

[
vgα
vgβ

]
+R

[
iα
iβ

]
+ L

d

dt

[
iα
iβ

]
(1)

where, vgα and vgβ are the stationary components of the grid
voltage, iα and iβ are the stationary components of the grid
current and R and L are the resistance and inductance of the
interfacing filter respectively. The current derivative can be
approximated using a forward Euler method:

diα
dt

≈
iα(k+1) − iα(k)

Ts
(2)
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where iα(k+1) is the grid current sampled at instant k+1, iα(k)
is the grid current sampled at instant k and Ts is the sampling
time. Substituting (2) into (1) yields a discrete predictive
model describing the future grid current as a function of the
proposed terminal voltage:[

iα(k+1)

iβ(k+1)

]
=

(
1−R

Ts
L

)[
iα(k)
iβ(k)

]
(3)

+
Ts
L

([
vtα(k)
vtβ(k)

]
−
[
vgα(k)
vgβ(k)

])

B. Calculation of Duty Factors

The current controller must select an optimum voltage vec-
tor vopt and second-best vector v′opt and switch between them
and the zero vectors to synthesize the terminal voltage which
minimizes the current error. Within the linear modulation
region, the current error should be reduced to zero by the end
of the sampling period, according to the principle of deadbeat
control. The duty factors for the active and zero vectors can
be found by solving the following system of equations:

ivopt
α d1 + i

v′
opt

α d2 + iv0
α d0 = i∗α (4)

i
vopt

β d1 + i
v′
opt

β d2 + iv0

β d0 = i∗β (5)

d1 + d2 + d0 = 1 (6)

where ivopt
α , i

v′
opt

α and iv0
α are the currents which would result

from applying vopt, v′opt or either of the zero vectors for one
whole sampling period respectively and d1, d2 and d0 are the
duty factors for the active and zero vectors respectively.

C. Selection of Active Vectors

In a typical MMPC implementation [21], the two active
vectors are selected by evaluating the predictive model (3)
exhaustively for all six output states and comparing the pre-
dicted current with the reference. It is common practice to
solve the control problem a step in advance to compensate for
the calculation time. Therefore, the cost function is designed
to calculate the predicted error at instant k + 2, to select the
optimum vector to apply at k + 1 Typically, a quadratic cost
function is used as follows:

Gx =
[
i∗αβ(k+2) − ivx

αβ(k+2)

]2
, x ∈ [0, 7] (7)

where ivx

αβ(k+2) is the current predicted two steps in advance
for each of the eight voltage vectors. The errors Gx are sorted,
and the best and second-best vectors are selected. Therefore,
(3) and (7) must be evaluated 6 times, even though only
two vectors will be used. Fig. 3 shows the output voltage
vectors for a two-level VSC, together with their predicted
currents. An arbitrary current reference vector is also included.
To reduce the computational burden of selecting the active
vectors, the angle of the reference current vector may be
used. The vectors vopt and v′opt should be those producing
currents which are geometrically closest and second closest
to the current reference vector. Since the predicted current

Fig. 3. Available voltage vectors and their resulting predicted currents.

Fig. 4. Quadrant and subsector identification in (a) linear region and (b)
over-modulation region.

hexagon of Fig. 3 is not centered at zero, a complex direction
vector is first calculated as:

i∗dir = i∗αβ(k+2) − iv0

αβ(k+2) (8)

where i∗αβ(k+2) is the reference current vector at instant k+2
and iv0

αβ(k+2) is the current predicted for instant k + 2 if v0
is applied. The active vectors can then be easily identified
by determining which quadrant the direction vector points to
using simple compare-to-zero operations. Fig 4a shows an
example current reference direction vector. Considering the
alpha and beta components of idirαβ separately, if idirα > 0 and
idirβ > 0, then the direction vector points to the first quadrant.
The quadrant is further divided into subsectors ‘A’, ‘B’ and
‘C’. The exact values of the tangent function can then be
exploited using compare-to-constant operations to determine
which subsector the direction vector lies in, thereby identifying
vopt and v′opt, as shown in Fig. 4a. For example, if:

i∗dirα
i∗dirβ

>

√
3

3
(9)

then the direction vector points to subsector ‘B’ and vectors
v2 and v1 should be selected as vopt and v′opt respectively.
A similar method may be applied to all other quadrants and
sectors. This technique selects precisely the same vectors as an
exhaustive search but with much less computation, since the
exact values of the tangent function may be calculated offline.

D. Extension to the Over-modulation Region

During large changes in the converter operating conditions,
the current controller may be unable to track the reference

A new model predictive current controller for grid connected converters in unbalanced grids



4

Fig. 5. Flowchart of the proposed MMPC algorithm with optimized over-
modulation.

within one sampling period due to the limitation of the avail-
able DC voltage. Under these conditions, the current reference
vector lies outside the predicted current hexagon shown in Fig.
3, and the equations (4)-(6) yield an infeasible solution where
d1 + d2 > 1. The theoretical basis for the over-modulation
method was examined fully in [22] and is repeated here only
insofar as is necessary to explain the proposed simplification.
Fig. 4b shows a current reference vector which lies outside the
linear modulation region. In Zone 1, vector arithmetic is used
to determine the optimum ratio of vopt and v′opt to minimize
the current error. In Zone 2, vopt should be applied for the
whole sampling period. The vectors E1,2,3 are given by:

E1 = i∗ − iopt (10)
E2 = i∗ − i′opt (11)

E3 = i′opt − iopt (12)

Using Pythagoras’ theorem, the magnitudes of vectors X1,2,3

are given by:

|X1| =
1

2

(
|E1|2 − |E2|2 + |E3|2

|E3|

)
(13)

|X2| =
1

2

(
|E2|2 − |E1|2 + |E3|2

|E3|

)
(14)

In both [22] and [12], checks were performed to see whether
the current reference lies closer to iopt or i′opt. However, this
is unnecessary, since if the reference vector was closer to
i′opt then clearly i′opt would have been selected as iopt in the
first place. The over-modulation algorithm can therefore be
simplified as shown in Fig. 5, where only two comparison
operations are required to identify which modulation scenario
is required. One to establish whether over-modulation is
required and another to establish whether one active or two
active vectors must be used.

III. MODIFIED EXTENDED COMPLEX KALMAN FILTER

This section describes the proposed ECKF which is used
to extract the instantaneous symmetrical components of the
grid voltage. Furthermore, a modification is proposed, where
new equations are added to the Kalman filter to estimate the
voltages two steps in advance to compensate for the calculation

time. The positive and negative sequence components of the
grid voltage can be expressed in complex exponential form as
follows:

V + = v+α + jv+β = A+ejωkTs (15)

V − = v−α + jv−β = A−e−jωkTs (16)

The behaviour of the grid voltages over time can be described
by a discrete state space model of the form:

X(k+1) = AdX(k) (17)

where the state vector X(k) is given by:

X(k) =

x0(k)x1(k)
x2(k)

 =

 ejωTs

A+ejωkTs

A−e−jωkTs

 (18)

and the discrete state transition matrix Ad is given by:

Ad =

1 0 0
0 x0(k) 0
0 0 1

x0(k)

 (19)

A. Conventional Extended Complex Kalman Filter
The ECKF requires the system to be described by a non-

linear state transition model and a measurement model as
shown:

X(k+1) = f
(
X(k), u(k)

)
+ w(k−1)

= AdX(k) + w(k−1) (20)

z(k) = h
(
X(k)

)
+ v(k) (21)

where, f
(
X(k), u(k)

)
is a non-linear function relating the

future state X(k+1) to the current state X(k) and current
inputs u(k), and h

(
X(k)

)
+ v(k) is a non-linear function

relating the current measurement z(k) to the current state
X(k). Also, w(k−1) and v(k) are zero-mean Gaussian noises
describing the noise in the process and measurement models,
with covariance matrices Q and R respectively. The ECKF
linearizes the system around the previous state estimate. This
involves computing the first-order partial derivatives of the
process and measurement matrices at each time step. The
Jacobians are calculated using:

F(k−1) =
∂f

∂X

∣∣∣X=X̂+
(k−1)

u=u(k−1)

(22)

H(k) =
∂h

∂X

∣∣∣
X=X̂−

(k)

(23)

where H(k) is the linearized measurement matrix and F(k−1)

is the linearized state transition matrix. Applying (22) and (23)
to the non-linear state space model of (20) and (21) yields the
system and measurement matrices linearized about the current
state estimate, as required for the Kalman filter prediction and
update equations. The ECKF can then be implemented using
the following equations for the prediction stage:

X̂−
(k) = f

(
X̂+

(k−1), u(k−1)

)
(24)

P−
(k) = F(k−1)P

+
(k−1)F

T
(k−1) +Q (25)

K(k) = P−
(k)H

T
(k)

(
R+H(k)P

−
(k)H

T
(k)

)−1

(26)
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where X̂−
(k) is the uncorrected state estimate,

f
(
X̂+

(k−1), u(k−1)

)
is the non-linear system model, P−

(k)

is the uncorrected state error covariance matrix, P+
(k−1) is

the corrected state error covariance matrix and K(k) is the
Kalman gain. At every iteration, the uncorrected state updates
are corrected using the latest measurements.

B. Modified Extended Complex Kalman Filter

If the system is sampled at instant k, by the time when
the necessary calculations have been performed, the control
decision may be out of date when it is applied. To compensate
for this, the controller may extrapolate future quantities and
instead solve for the optimum control action to be applied
at instant k + 1 to minimize the cost function at k + 2. A
modification to the ECKF is proposed to also estimate the
grid voltage at instants k + 1 and k + 2. The change in the
state variables over time is described by (17). Since the system
state at instant k has already been estimated, (17) can be used
to advance the estimates by one time step as follows:

X̂+
(k+1) = AdX̂

+
(k) (27)

Similarly, advancing (17) by one time step and substituting for
(27) gives:

X̂+
(k+2) = AdX̂

+
(k+1) = A2

dX̂
+
(k) (28)

With these new equations added, the update equations of the
modified ECKF are:

ỹ(k) = z(k) − h
(
X̂−

(k)

)
(29)

X̂+
(k) = X̂−

(k) +K(k)ỹ(k) (30)

P+
(k) =

(
I −K(k)H(k)P

−
(k)

)
(31)

If Q is increased, P−
(k) will increase, therefore, the Kalman

gain K(k) will increase as well. This means less emphasis is
placed on the predictive model and changes in the measure-
ments will be reflected more quickly in the estimated voltages,
but more measurement noise will be observed on the estimator
outputs. Similarly, if R is increased, the Kalman gain K(k)

will decrease. Thus, more emphasis is placed on the latest
measurements leading to more noise propagating through to
the estimator output. However, the response to changes in
the measurements will be faster. Q and R are determined
empirically as:

Q =

0 0 0
0 0.01 0
0 0 0.01

 (32)

R =
[
5 + j5

]
(33)

Furthermore, since the new equations calculate the grid voltage
two steps in advance, the current references can be calculated
directly for instant k+2. This removes the need to extrapolate
the current references, further improving the noise rejection of
the controller. Moreover, the estimated future grid voltages are
used in the grid voltage discretization technique described in
Section V.

Fig. 6. The complete MPC control system..

IV. PROPOSED CONTROL SYSTEM

A complete MPC system is proposed to regulate the active
and reactive power exchanged between a grid-connected con-
verter and an unbalanced grid. The system diagram is shown
in Fig. 6.

A. Current Reference Generation

To export the required active and reactive power into the
grid, the reference currents must be calculated as a function
of the grid voltage as described in [35]. The modified ECKF
estimates the grid voltage at instant k+2, therefore, the current
references may be calculated directly for instant k + 2. The
references are calculated to prevent oscillation of the active
power as follows:

i∗+α(k+2) =
P ∗v+gα(k+2)

A
+
Q∗v+gβ(k+2)

B
(34)

i∗+β(k+2) =
P ∗v+gβ(k+2)

A
−
Q∗v+gβ(k+2)

A
(35)

i∗−α(k+2) = −
P ∗v−gα(k+2)

A
+
Q∗v−gβ(k+2)

A
(36)

i∗−β(k+2) = −
P ∗v−gβ(k+2)

A
−
Q∗v−gα(k+2)

A
(37)

where A =
[
(v+gα(k+2))

2
+ (v+gβ(k+2))

2
]

−
[
(v−gα(k+2))

2
+ (v−gβ(k+2))

2
]

B =
[
(v+gα(k+2))

2
+ (v+gβ(k+2))

2
]

+
[
(v−gα(k+2))

2
+ (v−gβ(k+2))

2
]

where, v+gα(k+2) and v+gβ(k+2) are the positive sequence com-
ponents of the grid voltage at instant k + 2, v−gα(k+2) and
v−gβ(k+2) are the negative sequence components of the grid
voltage at instant k + 2 and P ∗ and Q∗ are the active and
reactive power references respectively.

V. IMPACT OF PARAMETER MISMATCH AND
DISCRETIZATION

The effectiveness of any MPC scheme is governed by the
accuracy of the predictive model used. The predictive current
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Fig. 7. Steady-state current error when the resistance and inductance of the
actual system are varied from 0.5 to 1.5pu while the values used inside the
controller are kept constant. The system parameters are as shown in Table
I. The error is plotted as a function of the mismatch where (a) the grid
voltage discretization is not compensated, (b) the grid voltage discretization
is compensated exactly using (40) and (c) the grid voltage discretization is
compensated approximately using the method proposed in (41).

formula (3) is widely accepted in literature and has been
used in many MPC implementations. However, there are few
significant assumptions made, namely:
1) The modelled parameters L and R used in the controller

are equal to their actual values in the real system.
2) The current derivative is accurately approximated by the

forward Euler method.
3) The grid voltage is constant during the sample period.
The impact of parameter mismatch was explored in [36],
where a range of incorrect inductance and resistance values
were inserted into the predictive model (3) and the resulting
erroneous predictions are compared with predictions using the
same formula but with the actual values of L and R. The
minimum error occurs where L and R used in the predictive
formula are equal to their actual values. However, this existing
work does not consider the effects of grid voltage discretiza-
tion and the accuracy of the forward Euler approximation.
These combined effects have not been investigated properly for
MPC systems in literature. Fig. 7a shows the effect of a similar
parameter mismatch on the MPC proposed in this paper.
The modelled inductance and resistance R0 and L0 are kept
constant inside the controller, while the actual values in the
real system, R and L, are varied. The actual measured output
current of the proposed MPC is compared with the current
references given by (34)-(37). This ensures that the effects of
changing grid voltage and the Euler approximation are also

exposed. The steady-state error is calculated as follows:

SSE% =

√√√√ 1

N

N∑
k=1

(
i∗a(k) − ia(k)

)2
∗ 100% (38)

where, N is the number of samples and phase ‘a’ is used
for the calculations. Changing the real inductance above or
below its modelled value inside the controller leads to an
increase in the steady-state error. This is expected since an
incorrect inductance will lead to an incorrect output voltage
being calculated. The resistance mismatch effect is minimal
since the resistance is an order of magnitude smaller than
the inductive reactance at the grid frequency. Inspection of
Fig. 7a suggests that the steady-state error is minimized when
the actual inductance of the real system L is less than its
modelled value inside the controller L0. This differs from
the previous conclusion in [36] since, in this case, the actual
current is compared with the reference current, therefore the
accuracy of the Euler approximation and the effect of grid
voltage discretization are also considered.

The predictive model of (3) assumes that the grid voltage is
constant during the sampling period. In fact, the grid voltage
is a continuous sinusoidal waveform. It is possible to obtain
an exact analytical expression for the predicted grid current
by solving the continuous differential equation of (1). Taking
the alpha component as an example, a sinusoidal grid voltage
is assumed, given by:

vgα(t) = V pk
gα sin(ωt+ ωto) (39)

where, V pk
gα is the peak grid voltage, ω is the angular frequency

of the grid and t0 is an initial time corresponding to the
instantaneous phase angle of the grid. This grid voltage is
substituted into the differential equation (1) and the equation
is solved for time t = Ts as shown in (40).

iα(k+1) = e−
RTs
L

(
iα(k) −

R2vtα(k) −R2vpkgαsin(ωt0)

R(L2ω2 +R2)

+
L2vtα(k)ω

2 + LRvpkgαωcos(ωt0)

R(L2ω2 +R2)

)

+

(
R2vtα(k) + L2vtα(k)ω

2 −R2vpkgαsin(ωt+ ωt0)

R(L2ω2 +R2)

+
LRvpkgαcos(ωt+ ωt0)

R(L2ω2 +R2)

)
(40)

Fig. 7b shows that the current error is minimized when
the precise predictive formula (40) is used in place of (3)
in the controller and R and L are perfectly matched with
their correct values in the real system. However, evaluating
(40) requires knowledge of the angular velocity of the grid
voltage ω, the peak value of the grid voltage V pk

gα and the
instantaneous phase of the grid voltage, ωt0. Since none of
these parameters are known to the current controller, it cannot
use the exact formula to solve for the predicted grid current.
A new method is needed to predict the grid current more
accurately than (3) but without the computational complexity
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and unknown parameters required by (40). Therefore, a simple
modified grid voltage value is included in (3) which takes into
account that the voltage is changing over the sampling time.
For the first prediction step, a modified value for vgα(k) is
needed. The arithmetic mean of vgα(k) and vgα(k+1) is simple
to calculate and provides a good approximation of the grid
voltage over a sample period. The predictive formula (3) is
changed to include the modified grid voltage term as follows:[

iα(k+1)

iβ(k+1)

]
=

(
1−R

Ts
L

)[
iα(k)
iβ(k)

]
(41)

+
Ts
L

([
vtα(k)
vtβ(k)

]
− 1

2

([
vgα(k)
vgβ(k)

]
+

[
vgα(k+1)

vgβ(k+1)

]))
Similarly, the mean of vgα(k+1) and vgα(k+2) may be used

for the second prediction stage. The effectiveness of this
proposed modification is shown in Fig. 7c where minimum
error is achieved where the actual parameters R and L are
perfectly matched with their modelled values R0 and L0 and
the approximate compensation method in (41) is used. Com-
parison between Fig. 7c and Fig. 7b proves that the proposed
approximate compensation is equally as effective as the exact
compensation but with significantly less computational burden
and no reliance on unknown parameters.

VI. STABILITY ANALYSIS

It is essential that the converter output current tracks the
reference, therefore, the predictive control equations should be
designed such that the current tracking error converges to zero.
In order to prove the theoretical stability of the proposed non-
linear system in the surroundings of the steady-state, Lyapunov
stability theory is used. Let there be some error between the
actual grid voltage v∗gα(k) and the voltage estimated by the
modified ECKF vegα(k). Similarly, let there be an error between
the ideal terminal voltage which would lead to zero error,
v∗tα(k), and the actual terminal voltage of the converter vtα(k).
Therefore:

v∗gα(k) = vegα(k) + λ(k) (42)

vtα(k) = v∗tα(k) + η(k) (43)

where λ(k) is the grid voltage estimation error that satisfies
∥λ(k)∥ ≤ φ with a constant φ > 0 and η(k) is the terminal
voltage error that satisfies ∥η(k)∥ ≤ ψ with a constant ψ > 0.
According to (41), the future grid current is given by:

iα(k+1) =

(
1−R

Ts
L

)
iα(k)

+
Ts
L

(
vtα(k) −

1

2

(
vegα(k) + vegα(k+1)

))
(44)

where vtα(k) is the actual terminal voltage of the converter
and the ‘e’ superscript denotes that these grid voltage values
were estimated by the modified ECKF. Similarly, in an ideal
scenario, the current reference would be tracked with zero

steady-state error, therefore, the following equation can also
be stated:

i∗α(k+1) =

(
1−R

Ts
L

)
iα(k)

+
Ts
L

(
v∗tα(k) −

1

2

(
v∗gα(k) + v∗gα(k+1)

))
(45)

where v∗tα(k) is the ideal converter terminal voltage to achieve
zero error and v∗gα(k) and v∗gα(k+1) are the actual grid voltages.
The current tracking error can be calculated as follows:

∆i(k+1) = iα(k+1) − i∗α(k+1) (46)

Substituting for the actual current given by (44) and the ideal
current given by (45) yields:

∆i(k+1) =

[(
1−R

Ts
L

)
iα(k)

+
Ts
L

(
vtα(k) −

1

2

(
vegα(k) + vegα(k+1)

))]
−[(

1−R
Ts
L

)
iα(k)

+
Ts
L

(
v∗tα(k) −

1

2

(
v∗gα(k) + v∗gα(k+1)

))]
(47)

Assuming that v∗gα(k+1) ≈ v∗gα(k) and vegα(k+1) ≈ vegα(k), the
future current error can be restated as:

∆i(k+1) =
Ts
L

[(
vtα(k) − v∗tα(k)

)
+
(
v∗gα(k) − vegα(k)

)]
=
Ts
L

[η + λ] (48)

According to [37], a control Lyapunov function must satisfy
the following stability criteria:

V (∆i(k)) ≥ a1
∣∣∆i(k)∣∣l , ∀∆i(k) ∈ G (49)

V (∆i(k)) ≤ a2
∣∣∆i(k)∣∣l , ∀∆i(k) ∈ Γ (50)

V (∆i(k+1))− V (∆i(k)) < −a3
∣∣∆i(k)∣∣l + a4 (51)

where a1, a2, a3 and a4 are positive constants, l ≥ 1, G ⊆ Rn

is a positive control invariant set and Γ ⊂ G is a compact set.
A Lyapunov function is proposed as:

V(k) =
1

2
∆iT(k)∆i(k) (52)

The change of the Lyapunov function is given by:

∆V(k) = V(k+1) − V(k) (53)

By substituting for (48) and (52), the change in the Lyapunov
can be expressed as:

∆V(k) =
1

2

(
Ts
L

[(
vtα(k) − v∗tα(k)

)
+
(
v∗gα(k) − vegα(k)

)])T (Ts
L

[(
vtα(k) − v∗tα(k)

)
+
(
v∗gα(k) − vegα(k)

)])
− 1

2
∆iT(k)∆i(k) (54)

The voltage vector vtα(k) is bounded by the available DC link
voltage. The current iα(k) and voltage vgα(k) are also bounded,
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TABLE I
SIMULATION PARAMETERS

Parameter Symbol Value Unit

Nominal Grid Phase Voltage (RMS) Vg 100 V
Grid Fundamental Frequency fgrid 50 Hz
Switching Frequency (MMPC and FVVV-MPC) fsw 10 kHz
Sampling Frequency (IMPCC) fs 20 kHz
Voltage Measurement Noise Variance σ2

v 1 V
DC Link Voltage Vdc 400 V
Filter Inductance L 10 mH
Filter Resistance R 0.1 Ω

Rated Power Prated 2 kW
Rated Current (Peak) irated 9.428 A

therefore, v∗tα(k) is bounded. By substituting for (42) and (43),
the following is obtained:

∆V(k) ≤ −1

2
∆iT(k)∆i(k) +

1

2

(
Ts
L

)2

(λ+ η)
2 (55)

Therefore, the stability conditions set out in (49)-(51) are
satisfied by the following constants:

a1 = 1, a2 = 1, a3 =
1

2
, a4 =

(
Ts
L

)2

(λ+ η)
2 (56)

This implies that the system is stable in the sense of Lyapunov
and that the currrent control error converges to a compact set
as:

υ =

{
∆i|∥∆i∥ ≤

(
Ts
L

)
(λ+ η)

}
(57)

VII. SIMULATION RESULTS

The effectiveness of the proposed control system is studied
using Matlab/Simulink simulations with the parameters shown
in Table I. An MPC current controller enhanced with floating
virtual voltage vectors (FVVV-MPC) was recently proposed
in [20] and is used as a reference for comparison. Also, an
improved MPC current controller (IMPCC) for unbalanced
grids was recently proposed in [25] and is also included for
comparison. Since the proposed method applies three vectors
per sampling period while the IMPCC applies only one, the
sampling frequency for the IMPCC is set two times higher to
achieve the same switching frequency at best effort. This is
consistent with the approach taken in [21], where the FCS-
MPC is sampled twice as fast as the MMPC. The modified
ECKF estimator is examined first, then the effectiveness of the
complete control system is studied.

A. The Modified Extended Complex Kalman Filter Results

The effectiveness of the modified ECKF estimator is studied
using a range of balanced and unbalanced voltage measure-
ments corrupted by random noise.

The output of the modified ECKF estimator is shown in
Fig. 8. The same simulation is run 100 times with random
noise and the results are plotted on top of each other to
validate the stability of the estimator in a range of random

Fig. 8. Simulation results for the modified ECKF estimator: (a) input voltage
waveform corrupted by noise (b) estimated positive sequence component and
(c) estimated negative sequence component.

scenarios. In Fig. 8a, the input voltage waveform is shown.
In Fig. 8b and Fig. 8c, the estimated positive and negative
sequence components are shown, with the results of the 100
Monte Carlo runs superimposed. The input voltage signals
are initially balanced, and the system is in steady-state. At
t = 25 ms, the magnitude of phase ‘a’ is increased by 30%,
while phase ‘b’ remains constant and phase ‘c’ is given by
−vga(k) − vgb(k) in a three-wire system. At t = 75 ms, the
input voltages return to a balanced state. At t = 125 ms, the
magnitude of phase ‘a’ is reduced by 30% whilst phase ‘b’
remains constant. Finally, at t = 175 ms, the input voltages
return to a balanced state. The stability of the modified ECKF
estimator is clearly demonstrated in Fig. 8b and Fig. 8c,
where the estimator produces a stable estimate of the positive
and negative sequence components for all 100 runs. The
estimator responds to step change in voltage immediately and
the estimated positive sequence component settles to a new
steady-state in less than 2 ms. This compares favorably with
conventional delayed signal techniques which do not respond
correctly for one quarter-period of the input waveform.

B. Proposed Control System

The steady-state current tracking under unbalanced con-
ditions is studied in Fig. 9. The magnitude of phase ‘a’
is 30% greater than phase ‘b’, while phase ‘c’ is given
by −vga(k) − vgb(k). Fig. 9 shows the grid current from
the proposed MMPC, the conventional FVVV-MPC and the
conventional IMPCC. It can be clearly seen that the current
quality is improved for the proposed MMPC, and the steady-
state error is lower than both the FVVV-MPC and the IMPCC.
The harmonic spectrum of the output current is studied in
Fig. 10. As expected, the harmonics for the proposed MMPC
and the conventional FVVV-MPC are centered around the
switching frequency, while for the conventional IMPCC, there
is a spread spectrum of harmonic content. The THD for the
proposed controller is 1.59% whilst for the FVVV-MPC it is

A new model predictive current controller for grid connected converters in unbalanced grids



9

Fig. 9. Current tracking performance: (a) proposed MMPC (b) conventional
FVVV-MPC and (c) conventional IMPCC.

Fig. 10. Current harmonic spectrum: (a) proposed MMPC (b) conventional
FVVV-MPC and (c) conventional IMPCC.

2.20% and for the IMPCC controller it is 6.05%, therefore, a
significant improvement in power quality has been achieved.
The transient performance of the current controller is also
studied during a step change in active power reference from
zero to rated power at unity power factor. Fig. 11 shows the
active and reactive power of all three controllers during the
step change. The IMPCC benefits from a higher sampling
frequency, however, the proposed MMPC benefits from over-
modulation capability, therefore the proposed controller offers
comparable transient performance to the conventional IMPCC.
The FVVV-MPC does not benefit from the increased sampling
frequency of the IMPCC nor the overmodulation capability
of the proposed MMPC, therefore, its transient performance
is slower. The proposed MMPC with its improved current
quality offers the lowest power ripple. The advantages and
disadvantages of the proposed MMPC, conventional FVVV-
MPC and conventional IMPCC are summarised in Table II.

Fig. 11. Dynamic active and reactive power tracking for the proposed MMPC,
conventional FVVV-MPC and conventional IMPCC: (a) active power and (b)
reactive power.

TABLE II
CONTROLLER COMPARISON

Criteria Proposed MMPC FVVV-MPC [20] IMPCC [25]

THD Lowest Low High
SSE Lowest Low High
Transient Response Fast Slow Fast
Power Ripple Lowest Low High

Fig. 12. The hardware test rig.

VIII. EXPERIMENTAL VALIDATION

The proposed MMPC was implemented in the laboratory
to verify the performance of the control system. Since con-
ventional finite-set MPC is more prevalent in the literature
than virtual-vector based MPC due to its faster response, the
IMPCC was selected for comparison in the experiments. The
experimental test rig is shown in Fig. 12 and the system
parameters are as shown in Table I. The steady-state current
tracking under unbalanced conditions is studied in Fig. 13. The
magnitude of phase voltage ‘a’ is 30% greater than phase ‘b’,
while phase ‘c’ is given by −vga(k)−vgb(k). Fig. 13 shows the
experimental results for the proposed MMPC and the IMPCC.
The current quality is improved for the proposed MMPC
compared with the IMPCC technique. The harmonic spectrum
of the experimental output currents is shown in Fig. 14. The
harmonics for the proposed MMPC are centered around the
switching frequency, while for the conventional IMPCC, there
is a spread spectrum of harmonic content. The THD for
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Fig. 13. Current tracking performance: (a) proposed MMPC and (b) conven-
tional IMPCC.

Fig. 14. Experimental current harmonic spectrum: (a) proposed MMPC and
(b) conventional IMPCC.

the proposed controller is 2.47% whilst for the conventional
controller it is 5.4%. This is close to the the simulation result.
Fig. 15 shows the outputs of the proposed controller in a range
of scenarios. Fig. 15a shows the calculated active and reactive
power at full rated power in a balanced grid, with currents
as shown in Fig. 15b. Fig. 15c shows the calculated powers
where the phase ‘a’ voltage is increased by 30% and the
negative sequence voltage is not compensated. The resulting
balanced currents are shown in Fig. 15d. Finally, Fig. 15e
shows the calculated powers where the phase ‘a’ voltage is
increased by 30% and the negative sequence component is
compensated by the modified ECKF estimator. The resulting
unbalanced currents are shown in Fig. 15f. The effectiveness
of the proposed controller is clearly demonstrated. Near zero
steady-state error is achieved under balanced and unbalanced
operation and constant active power is exported to the grid
with high power quality. The transient performance of both
current controllers is also studied in experiment during a step
change in active power reference from zero to rated power at
unity power factor. Fig. 16 shows the active and reactive power
of both controllers during the step change. Both controllers
have similar responses, however, the proposed MMPC has
superior steady-state performance, with reduced ripple in the

Fig. 15. Experimental results for the proposed controller: (a) PQ in bal-
anced grid (b) currents in balanced grid (c) PQ in unbalanced grid without
compensation (d) currents in unbalanced grid without compensation (e) PQ
in unbalanced grid with compensation (f) currents in unbalanced grid with
compensation.

Fig. 16. Dynamic active and reactive power tracking: (a) proposed MMPC
controller and (b) conventional IMPCC.

active power. Finally, the behaviour of both controllers is
studied during a step change from zero to rated power at unity
power factor as shown in Fig. 17. Both controllers track the
reference quickly, achieving a steady-state in 2.5 ms, however,
the proposed MMPC achieves a higher current quality, as
shown in Fig. 17a.

IX. COMPUTATIONAL BURDEN

The MMPC controller proposed in this paper and the con-
ventional IMPCC were implemented in the laboratory using
a Texas Instruments TMS320F28379D microcontroller. The
execution times for the two techniques are shown in Fig. 18.
The execution time of the proposed controller is 12.5 µs,
while the execution time of the conventional IMPCC controller
is 13 µs. To achieve a minimum switching frequency of
10 kHz, the IMPCC must be executed twice per switching
period, meaning that only 37 µs is available to include any
extra control algorithms to achieve the minimum switching
frequency of 10 kHz. In comparison, the proposed MMPC
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Fig. 17. Phase ‘a’ current during step change from zero to full rated power:
(a) proposed MMPC and (b) conventional IMPCC.

Fig. 18. Execution time: (a) the proposed controller and (b) the existing
IMPCC controller.

offers 87.5 µs of additional time. In summary, the proposed
MMPC has twice the available extra program execution time
compared with the conventional IMPCC to achieve the same
switching frequency. For example, if it is required to design
a converter with higher switching frequency, such as 40 kHz,
then the proposed MMPC can be used but the conventional
IMPCC cannot.

X. CONCLUSION

In this paper, a new model predictive current controller has
been proposed for unbalanced grids. The variable switching
frequency problem of conventional MPC has been addressed
in a computationally efficient way. The ECKF estimator which
has been proposed previously for protection purposes is also
extended to the new application of current control and its
suitability for this purpose has been proven. The ECKF
has also been modified to provide a new calculation time
compensation technique offering superior accuracy to the well-
known Lagrange technique, and a grid voltage discretization
compensation strategy is outlined. The proposed controller
has been studied in simulation and validated experimentally.
Simulation and practical results have confirmed the excellent
performance of the system compared with existing approaches.

Low steady-state error and high power quality are achieved
and a fast transient response is provided.
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