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Abstract—Grid-connected voltage source converters (VSCs), 

which are the key block of the future power electronics-based 

power systems, are at a high risk of losing stability and robust 

performance. These challenges in industrial applications 

require analyzing and designing a simple, robust, and advanced 

controller to guarantee not only reliable operation but also the 

performance of the VSCs. This paper proposes a novel 

constraint and unconstraint continuous control set (CCS) model 

predictive controller (MPC) for VSCs. In the unconstraint 

MPC, the optimal control law is analytically calculated. 

However, for the constraint MPC, the analytical solution is not 

available. So, the convex optimization methods are used to find 

the suboptimal solution. Generally, the key novelties of this 

paper can be enumerated as using CCS-MPC to obtain fixed 

switching frequency, considering hard constraints on the 

amplitude of the input and output signals, and analytically 

obtain the optimal solution for unconstraint MPC. Finally, to 

evaluate the validity of the proposed approaches, some 

experimental tests on the laboratory-scale stand-alone VSC are 

extracted. 

Keywords—Grid connected voltage source converter (VSC), 

continuous control set (CCS) model predictive controller (MPC), 

hard constraints, optimal control, experimental test 

I. INTRODUCTION 

Increasing electricity demand results in the world's 
ambitious target for harvesting maximum energy from 
renewable energy sources (RESs) in the coming decade. Thus, 
the trend of designing and connecting a high amount of 
renewable energy sources (RESs) to electrical power grids is 
intensified. Three-phase voltage source converters (VSCs) are 
vital intermittent equipment to connect RESs like 
photovoltaics (PVs) and wind turbines (WTs) to the grid [1], 
[2]. However, one of the challenging issues with VSCs is 
designing a controller to improve the performance of hybrid 
power plants (HPPs) [3]. 

One of the conventional control approaches for voltage 
source converters (VSC) is using a vector current control 
(VCC). In the VCC, the synchronous rotating reference frame 
and coordinate transfer are used to transfer ac signals to the dc 
one [4]. Then, the VSC can be described in a linear time-
invariant (LTI) system, which is suitable for implementing 
linear control theories. In this structure, proportional-

integrator (PI) and proportional-resonant (PR) controllers are 
the most common approaches to control active and reactive 
currents [5], [6]. However, the main drawbacks of the linear 
controllers are their sluggish transient response, their 
applicability only around a small vacancy of the equilibrium 
point, and their sensitivity to control gain matrices. To 
improve the transient response of the VSCs, the direct-power 
control (DPC) method is presented [4], [7]. The common 
approach in DPC is using a lookup table [8]. In lookup table-
based DPC, the suitable switching states are selected from the 
switching table by minimizing the errors of active and reactive 
powers. However, one of the drawbacks of this approach is its 
varying switching frequency, which may result in broadband 
harmonic spectra [4], [8]–[10]. The passivity-based control 
(PBC) DPC [11], [12] and sliding mode control (SMC) [13], 
[14] approaches are presented to improve not only the 
transient but also the robust performance of the VSCs. 
However, the large ripple in both the active and reactive power 
are reported in the literature. 

Recent developments in microprocessors and digital 
signal processors (DSPs) make the model predictive controller 
(MPC) an attractive control method for VSCs [15]–[17]. The 
first reason is that the MPC can control a great variety of 
complicated systems including delay, uncertainty, and/or 
disturbances. Even, the multivariable cases or the multi-input-
multi-output systems can be easily investigated. Secondly, the 
hard constraints such as amplitude limitations on the input and 
output signals can be systematically considered through the 
MPC approach. Thirdly, in the case that the future reference 
signals are known, the MPC approach is extremely useful. 
Fourthly, because implementing the obtained control law and 
tuning the controller is relatively easy, thus it has a large 
amount of practical potential [18]. 

The MPC approach, which is used in the power electronics 
field, is divided into two categories named finite control set 
(FCS) MPC and continuous control set (CCS) MPC [19], [20]. 
In the FCS-MPC, the discrete nature of the VSCs is employed 
for designing the controller. In each iteration of the FCS-MPC, 
the cost function, which consists of current and prediction of 
the state variables, is evaluated for each possible switching 
state. Each switching state, which results in the optimal 
solution for the cost function, is implemented to the VSC [21]. 
However, if the number of the horizon is increased then the 

mailto:mmema@elektro.dtu.dk
mailto:nm@elektro.dtu.dk
mailto:tomdr@elektro.dtu.dk
mailto:jose.rodriguez@unab.cl


complexity of the controller is increased. The two steps ahead 
prediction is suggested to avoid any computational delay in 
real-world applications [22]. The CCS-MPC needs a 
modulator to implement the controller to the VSCs, however, 
the FCS-MPC could directly provide the switching states for 
VSCs. Thus, the FCS-MPC may result in varying switching 
frequency, which consequently increases switching losses and 
broadband harmonic spectra, in the FCS-MPC approach. 
Additionally, varying switching frequency effects the steady-
state performance of the VSCs [23]. There exist several types 
of CCS MPCs such as the nonlinear continuous-time MPC, 
which significantly improves the performance of the 
controlled system [24]. However, such complicated 
approaches usually result in large dynamical optimization 
problems, and nonconvex conditions. Furthermore, they 
require lots of computational effort and time. It is usually 
difficult to implement these kinds of MPC approaches in real-
world applications. In the linear MPC method, the 
optimization algorithm can be restated as convex quadratic 
programming, which can be solved by the quadratic 
programming solvers. Additionally, linear MPC is well-
known for its outstanding speed. Thus, the linear MPC 
technique has a more compatible structure over other 
complicated MPC approaches for the VSCs [25], [26]. 
According to the best knowledge of authors, experimental 
testing, designing constraint CCS-MPC and also optimal, 
simple unconstraint CCS-MPC for VSC have not been 
addressed in the literature, which are the main objectives of 
this manuscript. 

In this paper, the problem of designing a constraint MPC 
and also an optimal unconstraint MPC have been investigated, 
separately. To do this, firstly, the dynamic model of the VSC 
is calculated. Secondly, the synchronous reference frame and 
the coordinate transfer are used to represent the state-space 
model in the dq frame. The obtained model is used to predict 
the future behavior of the VSC. Thirdly, the constraint and 
optimal unconstraint CCS-MPC for VSCs are proposed. In 
comparison with the state of art control approaches for VSCs, 
the proposed approach has the following advantages: 

 Obtaining fix switching frequency for both constraint 
and unconstraint CCS-MPC. 

 In unconstraint CCS-MPC, the optimal solution for the 
cost function will be obtained analytically. 

 For constraint CCS-MPC, the nonconvex optimization 
problem is converted to a convex one. Then, the linear 
matrix inequality (LMI) is used to find the suboptimal 
solution for the convex optimization problem.  

 Whereas the proposed design procedure is simple, the 
long horizon could be considered in the design 
procedure. 

Finally, to evaluate the validity of the proposed approach, 
some experimental tests are extracted. Additionally, the better 
performance of the proposed approach is investigated by 
comparing the results with the state-of-the-art conventional 
control method.  

The remaining part of this manuscript is organized as 
follows. The mathematical modeling of VSC is presented in 
Section II. Section III investigates the main results. The 
experimental testing is presented in Section IV. Finally, the 
paper is closed by conclusions in Section V. 

 
Fig. 1. Three-phase grid-connected VSC. 

 

II. THE MATHEMATICAL MODEL OF VSC AND PRELIMINARIES 

The state-space model of grid-connected VSC, presented 
in Figure 1, can be calculated as follows: 

{
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𝑑𝑉𝑑𝑐
𝑑𝑡

= 𝑆𝑎𝐼𝑎 + 𝑆𝑏𝐼𝑏 + 𝑆𝑐𝐼𝑐 −
𝑉𝑑𝑐
𝑅𝐿

 
(1) 

where 𝑉𝑎, 𝑉𝑏, and 𝑉𝑐 are the three-phase voltages; 𝐼𝑎, 𝐼𝑏 , and 
𝐼𝑐  denote the three-phase input current; The resistance and 
inductor of the three-phase AC filter are denoted by 𝑅𝑎 =
𝑅𝑏 = 𝑅𝐶 = 𝑅, and 𝐿𝑎 = 𝐿𝑏 = 𝐿𝐶 = 𝐿, respectively; 𝑉𝑑𝑐, 𝑅𝐿, 
and 𝐶 denote the output DC voltage, DC load, and capacitor, 
respectively; furthermore, the three-phase bridge is defined 
for the switching function in leg 𝑖 (e.g. if 𝑆𝑎 is 1, then 𝑆1 is on 
and 𝑆2 is off). By implementing the 𝑑𝑞 synchronous rotating 
coordinate, the equation (1) transfers to the following reduced 
dimensional model [27]: 

{
  
 

  
 𝐿

𝑑𝐼𝑑
𝑑𝑡

= 𝑉𝑑 − 𝑅𝐼𝑑 + 𝑤𝐿𝐼𝑞 − 𝑆𝑑𝑉𝑑𝑐  

𝐿
𝑑𝐼𝑞

𝑑𝑡
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𝐶
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=
3

2
(𝑆𝑑𝐼𝑑 + 𝑆𝑞𝐼𝑞) −

𝑉𝑑𝑐
𝑅𝐿

 
(2) 

where the angular frequency of the input voltage is denoted by 
𝑤 = 2𝜋𝑓 ; 𝑉𝑑 , 𝑉𝑞 , 𝐼𝑑 , and 𝐼𝑞  denote the active, the reactive 

voltages, the active, and the reactive currents, respectively. 
The switching controllers in the 𝑑𝑞 structure is defined by 𝑆𝑑 
and 𝑆𝑞 , which are bounded between zero and one. 

III. MAIN RESULTS 

By considering 𝑆𝑑𝑒𝑞 = 𝑆𝑞𝑒𝑞 = 1, the equilibrium point of 

(2) is obtained as follows: 

{
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(𝑅 +
3
2
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3
2
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3
2
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3
2
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3
2
𝑅𝐿
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𝑉𝑑𝑐𝑒𝑞 =
3

2
𝑅𝐿 (𝐼𝑑𝑒𝑞 + 𝐼𝑞𝑒𝑞)

 
(3) 

where 𝐼𝑑𝑒𝑞, 𝐼𝑞𝑒𝑞, and 𝑉𝑑𝑐𝑒𝑞 denote the equilibrium point of the 

nonlinear system (2). By linearizing the nonlinear system (2) 
around its equilibrium point, one has 
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𝑢 
(4) 

where 𝑥 = [𝐼𝑑 𝐼𝑞 𝑉𝑑𝑐]𝑇  and 𝑢 = [𝑢𝑑 𝑢𝑞]𝑇 . By 
employing the Euler discretization method, the discrete-time 
representation of the continuous-time system (4) can be 
calculated as follows: 

{
𝑥(𝑘 + 1) = 𝐴𝑥(𝑘) + 𝐵𝑢(𝑘)

𝑦(𝑘) = 𝐶𝑥(𝑘)
 

(5) 

where the matrices 𝐴 ∈ 𝑅3×3 , 𝐵 ∈ 𝑅3×2 , and 𝐶 ∈ 𝑅3×3  are 
known constant system matrices. Consider the state-space 
model presented in (5). Then, the prediction of the output 
variables can be calculated as follows: 

{
 
 
 
 
 
 

 
 
 
 
 
 
𝑦(𝑘 + 1) = 𝐶𝑥(𝑘 + 1) = 𝐶𝐴𝑥(𝑘) + 𝐶𝐵𝑢(𝑘)

 
𝑦(𝑘 + 2) = 𝐶𝐴𝑥(𝑘 + 1) + 𝐶𝐵𝑢(𝑘 + 1)

= 𝐶𝐴2𝑥(𝑘) + 𝐶𝐴𝐵𝑢(𝑘) + 𝐶𝐵𝑢(𝑘 + 1)
 

𝑦(𝑘 + 3) = 𝐶𝐴2𝑥(𝑘 + 1) + 𝐶𝐴𝐵𝑢(𝑘 + 1) +

𝐶𝐵𝑢(𝑘 + 2)
 

𝑦(𝑘 + 𝑁) = 𝐶𝐴𝑁𝑥(𝑘)

+∑𝐶𝐴𝑁−𝑗𝐵𝑢(𝑘 + 𝑗 − 1)

𝑁

𝑗=1

 
(6) 

By deploying the predicted output presented in (5), the 
prediction 𝑦(𝑘)  along the horizon 𝑁  can be rewritten as 
follows: 

𝑌(𝑘) = 𝐹𝑥(𝑘) + 𝐺𝑈(𝑘) 
(7) 

where 

𝑌 = [

𝑦(𝑘 + 1)

𝑦(𝑘 + 2)
⋮

𝑦(𝑘 + 𝑁)

], 𝑈 = [

𝑢(𝑘)

𝑢(𝑘 + 1)
⋮

𝑢(𝑘 + 𝑁)

], 𝐹 = [

𝐶𝐴
𝐶𝐴2

⋮
𝐶𝐴𝑁

], 

and 𝐺 = [

𝐶𝐵 0 ⋯ 0
𝐶𝐴𝐵 𝐶𝐵 0 0
⋮ ⋮ ⋱ ⋮

𝐶𝐴𝑁−1𝐵 𝐶𝐴𝑁−2𝐵 ⋯ 𝐶𝐵

] 

(8) 

Define the cost function: 

𝐽 = (𝑌(𝑘) − 𝑤(𝑘))
𝑇
𝑃(𝑌(𝑘) − 𝑤(𝑘))

+ 𝑈𝑇(𝑘)𝑄𝑈(𝑘) 

(9) 

where 𝑃  and 𝑄  are known positive definite matrices and 
𝑤(𝑘) denotes the reference signal. Next, two theorems will be 
provided. The first and second theorems design an MPC 
approach for the VSCs without and with constraints on the 
input and output variables, respectively. 

Theorem 1 (unconstraint MPC) [28], [29]. The optimal 
solution for the performance index (9) can be calculated using 
the Jacobian Hamilton optimization method as follows: 

𝒎𝒊𝒏
𝑈(𝑘)

𝐽 ⇒   𝑈(𝑘) = (𝑄 + 𝐺𝑇𝑃𝐺)−1𝐺𝑇𝑃(𝑊 − 𝐹𝑥) (10) 

Then the first two rows of the control signal 𝑈(𝑘) is 𝑢(𝑘), 
which must be implemented to the system. 

Proof: Substituting (7) into (9) results in  

𝐽 = (𝐹𝑥(𝑘) + 𝐺𝑈(𝑘) − 𝑤(𝑘))
𝑇
𝑃(𝐹𝑥(𝑘)

+ 𝐺𝑈(𝑘) − 𝑤(𝑘))

+ 𝑈𝑇(𝑘)𝑄𝑈(𝑘) 

(11) 

Minimizing the cost function (11) respect to 𝑈(𝑘), one has 

𝜕𝐽

𝜕𝑈
= 𝐺𝑇𝑃(𝐹𝑥(𝑘) −𝑊(𝑘)) + (𝑄 + 𝐺𝑇𝑃𝐺)𝑈(𝑘)

= 0 

(12) 

The proof is completed by simplifying equation (12).         ■ 

Before investigating constraint MPC, the following lemma 
is introduced to convert the constraint MPC conditions to LMI 
ones. 

Lemma 1 (Schur complement) [30], [31]. Consider an affine 
function 𝐹, which is partitioned as follows: 

𝐹 = [
𝐹11 𝐹12
𝐹21 𝐹22

] 

Then, 𝐹 < 0 is satisfied if and only if one of the following 
inequalities are satisfied: 

{
𝐹11 < 0                         

𝐹22 − 𝐹21𝐹11
−1𝐹12 < 0

 (13) 

or 

{
𝐹22 < 0                         

𝐹11 − 𝐹12𝐹22
−1𝐹21 < 0

 (14) 

  

Theorem 2 (constraint MPC). The suboptimal solution for the 
cost function (9) is obtained if there exists any matrix 𝑈(𝑘) 
such that the following linear matrix inequalities (LMIs) are 
satisfied: 

Minimize 𝛾 subject to 

[
𝐻11(𝑘) 𝑈𝑇(𝑘)

𝑈(𝑘) −(𝑄 + 𝐺𝑇𝑃𝐺)
] < 0 (15) 

𝑑𝑖𝑎𝑔{𝑈 − 𝑈𝑚𝑎𝑥} < 0 (16) 

𝑑𝑖𝑎𝑔{𝑈 − 𝑈𝑚𝑖𝑛} > 0 (17) 

𝑑𝑖𝑎𝑔{𝐹𝑥(𝑘) + 𝐺𝑈(𝑘) − 𝑌𝑚𝑎𝑥} < 0 (18) 

𝑑𝑖𝑎𝑔{𝐹𝑥(𝑘) + 𝐺𝑈(𝑘) − 𝑌𝑚𝑖𝑛} > 0 (19) 

where 𝐻11(𝑘) = (𝐹𝑥(𝑘) − 𝑤(𝑘))
𝑇
𝑃(𝐹𝑥(𝑘) − 𝑤(𝑘)) +

𝑈𝑇(𝑘)𝐺𝑇𝑃(𝐹𝑥(𝑘) − 𝑤(𝑘)) + (𝐹𝑥(𝑘) − 𝑤(𝑘))
𝑇
𝑃𝐺𝑈(𝑘) −

𝛾 , and 𝑢(𝑘)  is the first 𝑚  entries rows of matrix 𝑈 . 
Furthermore, the obtained control signal makes the output of 
the system track the reference with the performance index 𝛾. 
Additionally, the amplitudes of the control and output signals 
are assumed to be inside a predefined region by defining 
𝑈𝑚𝑎𝑥 , 𝑈𝑚𝑖𝑛 , 𝑌𝑚𝑎𝑥, and 𝑌𝑚𝑖𝑛. 

Proof: Equations (16) and (17) address the constraints on the 
amplitude of the input signal. Consider (7), then the 
constraints on the amplitude of the output signals can be 
introduce by (18) and (19). Now, we would like to minimize 
the cost function (9) such that constraints (16), (17), (18), and 
(19) are satisfied. Due to inequality constraints, the numerical 
algorithm is required to solve the optimization problem. To 
minimize the cost function (9), the following equivalent 
minimization problem is considered: 

(𝑌(𝑘) − 𝑤(𝑘))
𝑇
𝑃(𝑌(𝑘) − 𝑤(𝑘)) + 𝑈𝑇(𝑘)𝑄𝑈(𝑘)

< 𝛾 
(20) 

where 𝛾 > 0  is the performance level, which will be 
minimized through the optimization process. Substituting (7) 
into (20) results in 



 
Fig. 2. The Laboratory scale experimental setup.  

 

(𝐹𝑥(𝑘) + 𝐺𝑈(𝑘) − 𝑤(𝑘))
𝑇
𝑃(𝐹𝑥(𝑘) + 𝐺𝑈(𝑘)

− 𝑤(𝑘)) + 𝑈𝑇(𝑘)𝑄𝑈(𝑘) < 𝛾 

(21) 

Equation (21) can be rewritten as follows: 

(𝐹𝑥(𝑘) + 𝐺𝑈(𝑘) − 𝑤(𝑘))
𝑇
𝑃(𝐹𝑥(𝑘) − 𝑤(𝑘))

+ (𝐹𝑥(𝑘) − 𝑤(𝑘))
𝑇
𝑃𝐺𝑈(𝑘)

− 𝛾 + 𝑈𝑇(𝑘)[𝑄 + 𝐺𝑇𝑃𝐺]𝑈(𝑘)
< 0 

(22) 

The proof is completed by utilizing the Schur complement.    ■ 

IV. EXPERIMENTAL TESTING 

To evaluate the validity and the better performance of the 
proposed approach, some experimental tests are performed. 
The laboratory-scale testbed setup is shown in Fig. 2. The 
setup comprises a DC source, a three-phase VSC, a three-
phase SPITZENBERGER SPIES supply grid simulator, and a 
three-phase series resistor 𝑅  and inductor L. In this 
experiment, the three-phase inductor and resistor are 
considered to be 4.4 𝑚𝐻 and 0.5Ω, respectively. The 4.4 𝑚𝐻 
is obtained from the series connection of two separate 
inductors with the value of 2.2 𝑚𝐻. The DC voltage is set to 
be 500 𝑉 . The grid simulator provides the three-phase AC 
voltage with the amplitude of 120 𝑉. The proposed controller 
is simulated in MATLAB Simulink and implemented to the 
laboratory scale testbed setup using dSPACE. To do this, a 
personal Core i7, 2.11 GHz, and 16GB RAM computer is 
used. The dSPACE setup consists of a compact set of a DS 
I/O board, a Semikron Power Electronic Teaching Unit, and a 
Micro Lab Box DC Power. Boards DS2004 and the board 
DS5101 are used as a high-speed analog to digital converter 
and pulse width modulator (PWM) waveform generator, 
respectively.  

To evaluate the validity of the proposed approaches, 
Theorem 1 is simulated in MATLAB simulink and 
implemented to the dSPACE. Then the proposed controller is 
experimentally tested and compared with the conventional PI 
controller. Fig. 3. and Fig. 4. illustrate the behavior of the VSC 
for the proposed approach and PI controller, respectively. Fig. 
3. and Fig. 4. are obtained from the dSPACE control desk. In 
Fig. 3. and Fig. 4., the red lines show the active current and 
the blue ones indicate the reactive current. Based on Fig. 3. 
and Fig. 4., the proposed approach provides better transient 
performance in comparison with the conventional PI 
controller. In this case, not only the settling time but also the 
percentage of overshoot is decreased in the CCS-MPC 
technique. The reason is that tuning the PI controller 
parameters needs significant effort, and the PI controller can  

 

 

 

 

 

 

 

 

 

 
Fig. 3. The active and reactive response of the VSC for the prosed 
CCS-MPC. The red and blue lines indicate the active and the 
reactive currents, respectively. 

 

 

 

 

 

 

 

 

 

 

 
Fig. 4. The active and reactive response of the VSC for the PI 
controller. The red and blue lines indicate the active and the 
reactive currents, respectively. 

 

not reduce the settling time and percentage of overshoot 
simultaneously. However, the proposed approach provides a 
framework to control the percentage of the overshoot besides 
the settling time. Additionally, the switching effect on the 
proposed approach is less than the one that appeared in the  
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Fig. 5. Experimental validation for the proposed optimal CCS-MPC 
approach. The ac voltage of one of the three-phase is illustrated 
by the blue line and the three-phase current is shown by red, 
green, and yellow colors. 

 

 
Fig. 6. Experimental validation for the PI controller. The ac voltage 
of one of the three-phase is illustrated by the blue line and the 
three-phase current is shown by red, green, and yellow colors. 

 

conventional PI controller. Fig. 5 and Fig. 6 illustrate the 
three-phase signals for the proposed approach and 
conventional PI controller, respectively. The controlled three-
phase current of the VSC is illustrated by red, green, and 
yellow colors and the voltage of one of the three phases is 
shown by blue color. As shown in Fig. 5 the percentage of the 
overshoot and the settling time of the proposed approach is 
significantly better than the PI controller, presented in Fig. 6. 
Additionally, the steady-state performance of the proposed 
approach is better than the PI controller. The reason is that the 
switching effect in the proposed approach is less than the 
switching effect in the PI controller. 

V. CONCLUSIONS 

In this paper, a reliable CCS-MPC was proposed to 
improve the transient performance of the VSC. Two types of 
unconstraint and constraint CCS-MPC approaches were 
investigated in this paper. For the unconstraint MPC approach, 
the optimal solution was analytically calculated. Because the 
constraint CCS-MPC was not analytically solvable, sufficient 
conditions to guarantee the performance of the VSC were 
obtained in terms of LMIs. Then, the Yalmip toolbox, which 
is a convex optimization method, in MATLAB was used to 
find the suboptimal solution. Generally, the advantages of the 
proposed approach were constant switching frequency, fast 
transient performance in terms of settling time and percentage 
of overshoot, and hard constraints on the input and output 
signals, which were the control and the currents signals of the 
converters. By using dSPACE, the proposed unconstraint 

CCS-MPC was implemented on the laboratory scale testbed 
setup. Experimental results indicate the better performance of 
the proposed approach in comparison with the conventional 
PI controller. From the experimental results, one can conclude 
that the injected and consumed powers for the proposed 
approach are more balanced compared with the state-of-the-
art control method. Furthermore, it became apparent that the 
responses of the proposed approach were faster in terms of 
settling time and percentage of overshoot than the 
conventional PI controller. 
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