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Abstract—Three-phase current-source inverters are an 

alternative solution for interfacing photovoltaic modules to 

the utility thanks to its voltage boosting ability. This paper 

presents a virtual synchronous generator strategy for a 

three-phase current-source inverter using a multivariable 

model predictive control. The proposed method can ensure 

operations in both grid-connected and islanded modes while 

achieving virtual inertia features to stabilize the grid 

frequency and active damping to reduce grid current 

distortions caused by an output CL filter included on the 

grid side of the system. The obtained simulation results in 

the PSCAD/EMTDC environment software verify the 

effectiveness and the excellent performance of the proposed 

method. 

 

Index Terms—Current source inverter, distributed power 

generations, photovoltaics, power system stability, 

predictive control, virtual synchronous generator 

I. INTRODUCTION 

The indiscriminate uses of fossil fuels to supply 

indefinite demand of the world's energy have led to the 

rapid depletion of these non-renewable resources. 

Furthermore, their exploitation is also believed to be the 

leading cause of global warming and climate change [1]. 

Thus, it was clear to power engineers and researchers that 

new ways to generate energy with low emissions and 

sustainable methods are imperative. A possible solution 

to this issue lies in the use of renewable energy sources 

(RES). Among these RES, photovoltaic (PV) energy has 

become a promising resource [2] for a grid-connected 

utilization because it offers high return-on-investment. 

Conventionally, PV-based distributed generators (DGs) 

are based on the voltage source inverter (VSI) topology. 

For such a system, the input DC voltage must be higher 

than the peak grid voltage. Hence, a DC-DC converter is 

usually included in the system's first stage to boost the 

input DC voltage, thus increasing the overall circuit 

complexity. An alternative way to achieve DC-AC 

inversion is a one-power-stage topology of a Current 

Source Inverter (CSI), as proposed in [3]–[6]. CSIs offer 
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considerable advantages over the VSIs because they 

neither require second-order filters such as LLC or LCL 

at the output side, nor is it necessary to use additional 

converters to boost the dc voltage. 

However, some issues still exist in the relevant 

control structure of CSI that must be resolved 

appropriately. For instance, a CL filter has to be inserted 

on the AC side of the CSI to reduce current distortions. 

However, this CL filter may cause oscillation in the 

output currents due to the resonance, especially in 

transient conditions, as reported in [7] and [8]. Passive 

damping or active damping methods must be included in 

the system to prevent this. Generally, the latter is 

preferable because it does not inflict further losses to the 

system and can be integrated directly into the controller, 

as studied in [5], [7], and [8]. Apart from that, the 

existing control schemes [9]–[11] for grid-connected 

CSI-based DGs are current-controlled, for which the 

maximum power extracted from the RES is always 

injected into the grid. This control paradigm is subtle as 

long as the DGs are operating in normal conditions. 

However, when a fault occurs in the grid, the system will 

be islanded. In this condition, the DGs are incapable of 

delivering the power to the local load if the controllers do 

not regulate the voltage and the frequency. Although a 

voltage-controlled method for CSI were proposed in 

some woks, e.g. [6], it cannot operate in grid-connected 

mode. Furthermore, the conventional control methods 

have neither a prime mover nor rotating inertia. Therefore 

they do not contribute to the stabilization of the grid 

frequency. One of the highly-rated solutions to prevent 

these problems is implementing a virtual synchronous 

generator (VSG). The past research works have 

demonstrated that the VSG-based DGs can solve issues 

related to frequency deviations and capable of islanded 

operation [12]–[16]. 

Over the last few years, finite control set model 

predictive control (FCS-MPC) has emerged as an 

attractive alternative for the control of power electronics 

applications since it offers several benefits, including 

simple multivariable control, the possible inclusion of 

constraints, straightforward control law, and fast dynamic 

response [17]. As for DGs, several control solutions 

based on FCS-MPC appeared in the literature [18]–[23]. 
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In the previous works of the author [21]–[23], the 

multivariable FCS-MPC-based VSG for a VSI and an 

indirect boost matrix converter (IBMC) shows high 

compatibility between the FCS-MPC and VSG. In 

addition to integrating the inertia support feature, the 

FCS-MPC-based control scheme utilizes a simultaneous 

control of both voltage and current of the output LCL-

filter to provide active damping of the resonant energy 

oscillation between the filter inductor and the filter 

capacitor. The mentioned oscillation will occur if either 

filter voltage or the filter current is solely controlled. This 

performs an alternative method to damp the filter 

resonance without a dedicated active damping part in the 

control algorithm [22]–[26]. 

This paper proposes the multivariable FCS-MPC-based 

VSG control for a three-phase CSI-based DG. The 

proposed control strategy is explained in detail, including 

the models used for voltage and current prediction, the 

cost function used for current vector selection, and the 

VSG control. Thanks to adopting the VSG strategy, the 

proposed control scheme displays the ability to operate in 

both grid-tied and islanded modes, while the controller is 

also capable of providing the inertial power to stabilize 

the grid frequency. Furthermore, the multivariable control 

of capacitor voltage and inductor current of the output 

CL-filter provides active filter resonance damping. 

Results obtained from the PSCAD/EMTDC software 

environment are presented to exhibit the proposed 

strategy's performance. 

II. DESCRIPTION OF THE SYSTEM MODEL 

A. System Model 

A topology of the system under study is illustrated in 

Fig. 1. The inverter consists of six power transistor 

switches. The six switches have series diodes for forming 

a rear-end current source inverter (CSI). Throughout the 

operation, the CSI must have at least one of the upper 

switches and one of the lower switches conducting to 

ensure a current path for the DC-current. The number of 

possible switching states that the inverter can generate is 

limited. For active vectors denoted as I1I6, the current 

source converter uses six unidirectional switches in two 

converter's legs: one in the upper part (switches 1, 2, 3) 

and the second in the lower part of the bridge (switches 4, 

5, 6). The switches are chosen in such a way, as 

concluded in Fig. 1. Three passive vectors (zero vectors) 

are denoted as I7I9. In this case, both upper and lower 

switches of one of the three converter's legs are turned on 

at the same time. 

 
Fig. 1. Topology of the CSI-based DG. 

B. Filter Resonance 

The main objective of the grid-connected CSI-based 

DG is to control the current vector components that are 

injected into the grid. Although the use of a CL filter has 

a positive effect on improving the quality of the grid 

current, attention is required regarding the presence of the 

resonance frequency fres of a CL filter described by the 

following relationship: 

res

1 1

2
o

f
L C

                               (1) 

where Lo is the filter inductance, and C is the filter 

capacitance. The conventional control methods for CSI 

[3]–[6] are based on current-controlled. For such control 

systems, the control algorithm uses inverter current iinv to 

control the output current i0 indirectly. In this case, the 

transfer function of the CL filter is expressed with (2). 

It can be observed from (2) that if there are harmonics 

related to the resonance frequency fres, they will be 

amplified by the gain of the output filter, causing the 

resonance to occur between the grid-side inductor Lo and 

the filter capacitor C. This is crucial for the control 

system because the harmonics related to the resonance 

frequency are generated in transient conditions, as 

reported in [7] and [8]. The highly-rated solutions to this 

problem are active damping methods based on a virtual 

resistor, as studied in [7] and [8]. However, this 

resonance can also be avoided using the simultaneous 

control of capacitor voltage and inductor current of the 

output CL-filter, as will be shown later in the paper. 

2 2

inv res
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o
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i s L Cs s 
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           (2) 

III. PROPOSED CONTROL  OF THE SYSTEM 

A. Virtual Synchronous Generator Control 

The VSG control's main task is to track the dispatch 

power command while providing inertial power to the 
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grid to help stabilize the grid frequency. This can be 

realized with the structure of a VSG control shown in Fig. 

2. It consists of “Swing Equation Function”, “Governor”, 

and “Q droop” blocks. The Po, Pout, Pgov, Qo, Qout, Vout, m, 

PLL, E*, and * variables in the control diagram represent 

the output active power command, the output active 

power, the shaft power from the governor, the output 

reactive power command, the output reactive power, the 

output voltage amplitude, the mechanical frequency of 

rotors, the output frequency measured by PLL, the 

voltage reference magnitude, and the power angle 

reference, respectively. Virtual inertia is emulated in the 

block “Swing Equation Function” with the well-known 

swing equation: 

gov out ( ) m
m g m

d
P P D J

dt


                 (3) 

where D is the damping factor produced by the damper 
windings, J is the moment of inertia, Pout is the output 

active power, m is the virtual rotor angular frequency, 

and g is the grid frequency. The function of the shaft 
power Pgov regulated by a governor is given as 

gov 0 base( )p mP P k                          (4) 

where kp is the droop coefficient and base is the nominal 

grid frequency. The block “Q droop”, as well as the 

design details of all blocks in Fig. 2, and the tuning of the 

VSG parameters, are well explained in [16], and hence 

their explanations will be omitted in this work. 

 
Fig. 2. Control diagram of the VSG control scheme. 

B. Finite Set Model Predictive Control Design 

In order to use MPC to forecast the future values of 
the system variables, the mathematical model of the 
system is required. Therefore, the model of the CSI used 
for the proposed control will be explained in this section. 

First, to realize a DG that can operate in both grid-
connected and islanded modes, the inverter output 
voltage and inverter current should be the variables to be 
controlled in the FCS-MPC for the CSI. Thus, the model 
of a three-phase CSI with output CL filter, as depicted in 
Fig. 1 is utilized to forecast the voltage and current 

outputs. This model can be described in -frame using 
capacitor dynamics equation (5) and inductance dynamics 
equation (6):  

inv
c

o

d
C

dt
 

v
i i                             (5) 

o
o c o

d
L

dt
 

i
v v                             (6) 

where , ,[ ] T

c c cv v v , , ,[ ] T

o o ov v v , inv inv, inv,[ ] Ti i i  

and , ,[ ] T

o o oi i i  are capacitor voltage, output voltage, 

inverter current, and the output current, respectively. 
These equations can be rewritten as follows: 

invo d  x Ax Bv B i                     (7) 

where  
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A discrete-time model of the system derived from (7), 

using the general forward-difference Euler formula, for a 

sampling time Ts can be expressed as 

       dq1 q q o ok k k k   x A x B v B i          (8) 

where  

  sT

q e
A

A , 
0

 
sT

q e d  
A

B B , dq
0

 
sT

de d  
A

B B . 

From (7)–(8), it can be seen that the future values 
( 1)c k v  and ( 1)o k i  can be determined according to 

inverter stage current inv  ( )ki . For each active current 

vectors (SC1-SC6) of CSI, the inverter stage current 

inv  ( )ki  is defined as 

 inv 1 4 2 5 3 6[ ]T

DCk S S S S S S i   i         (9) 

where S1, S2, S3, S4, S5, and S6, represent the switching 
states of the six switches in the inverter stage, as depicted 
in Fig. 1. The switching state's value consists of 1 and 0, 
for which it represents the closed and open states, 
respectively. 

C. Current References and Resonances Damping 

To ensure proper operations, the CSI requires a 
capacitive output filter. However, in order to improve the 
quality of the waveforms, CL-filter is usually preferred. 
Nevertheless, the presence of resonance frequency has to 
be considered. Since the FCS-MPC possesses a variable 
switching frequency, it might generate harmonics 
components at the resonant frequency of CL-filter at a 
specific operating point. However, this will result in 

resonance only if the output inverter current ( )o si  is 

directly controlled, whereas the capacitor voltage   ( )c sv , 

is indirectly controlled by the current and thus highly 
dependent on filter impedances, as described in (2).  
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The proposed FCS-MPC utilizes a multivariable 

system to control both   ( )c sv  and ( )o si  simultaneously. 

It is different from conventional cascade control of 

voltage and current, where the settling time of the inner 

loop must be significantly faster than the settling time of 

the outer loop. Therefore, at the resonant frequency 

where   ( )c sv  and ( )o si  are oscillating with the same 

dynamics, the control of the outer loop is not fast enough 

to provide a damping effect. Contrarily, the multivariable 

control of the FCS-MPC is conducted at the same 

bandwidth. This ensures that the regulation of   ( )c sv  can 

damp the distortion caused by the harmonics of ( )o si  

and the control of ( )o si  can reduce the disturbance 

caused by the harmonics of   ( )c sv . Hence, by controlling 

CL-filter voltage and current at the same instances, the 

filter's frequency response is no longer influenced by its 

impedance alone. Thus the uncontrolled resonant energy 

oscillation between the inductances and the capacitance is 

effectively avoided, as will be proved later in the paper. 

This concept has also been successfully put in an 

application by the author in the FCS-MPC-based grid-

connected VSI in [22] and in the FCS-MPC-based IBMC 

in [23], while similar concepts were also proposed in 

[24]–[26] for the grid-connected FCS-MPC-based 

AC/DC converter. 

The voltage command for the FCS-MPC can be 

obtained from the VSG control scheme in Fig. 2. 

However, to achieve resonance damping, both voltage 

and current control must be embedded into a single loop 

control, as depicted in Fig. 3. Therefore, the current 

command must be provided for the FCS-MPC scheme. 

The current command can be determined by considering 

the relationship between the inverter output voltage, the 

output current, and the capacitor phase voltage shown in 

Fig. 1. It can be described in a stationary (αβ) frame as 

, , , ( ( ))c o o o oR j X    v v i              (10) 

where ,c v is the capacitor voltages, ,o i  the output 

current and ,o v  is the output voltages. Xo denotes the 

filter reactance and Ro denotes filter resistance. If we 

consider that the ,c v  in (10) equals the voltage 

command described by E* and * from the VSG control, 

the currents references 
*i   and *i  can be expressed as 

illustrated in (11), and they will be used as the current 
command for the CSI side of the FCS-MPC.  

 
Fig. 3. Control diagram of the proposed FCS-MPC-based VSG control 

scheme. 

* * *
,

* * *
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where  

2 2

1 o o

o oo o

R X

X RR X

 
  
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Y . 

D. Cost Function Definition 

Contrarily to classical control schemes, the cost 

function's presence allows the FCS-MPC to take into 

account a number of control goals and control different 

state variables simultaneously. Therefore, it is highly 

relevant to define the cost function properly. For the 

control of CSI, the control system is set to track the 

voltage and current references simultaneously. This can 

be achieved by defining a cost function as follows. 

 

 

2
*

CSI , ,pu ,pu

2
*

, ,pu ,pu

1

      

( )

) 1(   

v c

i f

g k k

k k

 

 

  

 

v v

i i

            (12) 

where 
* * *

      [ ]Tv v  v  is the reference vector of the 

capacitor voltage, * * *

  [ ]Ti i  i   is the reference vector 

of the inductor current, , , ?  ,( 1) [ ]T

c c ck v v   v      is the 

predicted capacitor voltage and , , ,( 1) [  ]T

f f fk i i   i  

is the predicted inductance current, and the subscript pu 

indicates the per-unit value. 

The selection of kv and ki is done according to the 

guideline provided by [27]. By evaluating the ability of 

the controller to synchronize with the grid and the quality 

of the active damping achieved by the weighting factors, 

the kv:ki the ratio of 1:4 is selected for the proposed 

control. 

IV. RESULTS AND DISCUSSION 

In order to evaluate the performance of the proposed 

control scheme, simulation-based studies are performed 

in the PSCAD/EMTDC environment. The simulation 

parameters are given, as shown in Table I. The 

parameters indicated in Fig. 1 were respectively realized 

as follows, Lo=3mH, Ro=0.1Ω and C= 30μF. The filter 

inductances are designed such that the voltage drop 

across the inductor is around 0.08pu. The capacitance C 

is then calculated to set the filter's cut-off frequency 

much lower than the switching frequency.  The sampling 

frequency for the CSI fs,cst of the FCS-MPC-based control 

is selected at 20kHz, respectively. This brings about the 

measured average switching frequency around 10kHz for 

the FCS-MPC-based control.  

TABLE I: CONTROL PARAMETERS 

Parameters Values Parameters Values 

Sbase 5 kVA J 0.56kgm2 

kp 40 pu D 200 pu 

Vbase 200 V fs,cst 20 kHz 

base=grid 376.99 rad/s   
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A. Normal Operation 

The proposed VSG control performance for the CSI is 

verified with simulations of the test circuit displayed in 

Fig. 2. Initially, the DG system is connected to the grid 

with the reference active power of DG (Po) equals 5kW 

and reference reactive power of DG (Qo) equals 0 var. 

The DG system is then set to operate in islanded mode at 

T = 7s. The load initially connected to the system during 

the islanded mode is 4kW, and it is increased to 6kW at T 

= 10s. The output voltage and current at the instance of 

the grid-islanding are illustrated in Fig. 4. The figure 

shows that the inverter can ride through the grid-islanding 

while producing sinusoidal waveforms of voltage and 

current in both grid-connected and islanded operation. 

 
Fig.4. Output voltage and current waveforms during grid-islanding. 

 

Fig. 5. Output active and reactive power, the output frequency, and the 

output voltage amplitude of the proposed control scheme, from top to 

bottom, respectively. 

The output active and reactive powers, the output 

rotational frequency, and the output voltage magnitude 

for the whole simulation are illustrated in Fig. 5. It is 

shown that the system quickly and seamlessly 

commutates from the grid-connected mode into the 

islanded mode, supplying the required 4kW of power to 

the local load. The system can also react to change in 

load during islanded operation, as evidenced in Fig. 4 and 

Fig. 5. The output frequency and the output active power 

of the control system in Fig. 5, are illustrating how the 

system is settling to operate at a different frequency 

according to the droop characteristic, whereas the output 

voltage amplitude of the system is maintained slightly 

above the nominal value (Vbased) throughout the operation 

to compensate for the voltage drop in the line impedance. 

Furthermore, the change in output frequency during the 

load transition in islanded mode demonstrates the 

controller's inertial response, as the output frequency 

slowly decreases from around 378.5 rad/s to around 375.5 

rad/s. The reduction of frequency occurs for around 1 s 

until the new frequency set point is reached. This is a 

typical VSGs performance, as analyzed in [15] and [16]. 

B. Active Damping Ability 

In order to verify the active damping ability, the 

simulations of the proposed control scheme are conducted 

under two different control parameters. In Case 1, the kv  

is set to 0, while the ki is set at 1. In this condition, only 

the output current (io) is controlled through the control of 

inverter current (iinv), and the filter voltage is uncontrolled. 

In Case 2, the ratio of kv:ki is set to 1:4 to achieve the 

simultaneous control of filter voltage and output current. 

For both cases, the amplitude of current reference is set to 

increase from 1pu to around 1.25 pu at T = 5s, while the 

DG is operating in grid-connected mode. The current 

waveforms of Case 1 and Case 2 are illustrated in Fig. 6 

(a) and Fig. 6 (b), respectively. It is clearly displayed in 

the figure that the distortion is more significant in case 1, 

where only io is controlled. The distortion is exceptionally 

substantial during the transient condition than in the 

steady-state condition because additional harmonics 

related to fres are generated by the sudden change of 

current reference. In steady-state, on the other hand, 

harmonics related to fres are smaller since they are only 

generated by the variable switching of the FCS-MPC 

scheme.  

 
Fig. 6. Output current waveforms for (a) case 1 and (b) case 2. 
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It can be concluded from the simulation result that in 

Case 1, the harmonic components around fres of the 

current is amplified by the transfer function of the CL 

filter (2), causing resonance and current distortions. In 

contrast to that, by controlling the output voltage and 

current simultaneously in case 2, the oscillation between 

capacitor and inductor is effectively avoided and hence 

even when there are the harmonic components around fres, 

the gain of the transfer function (2) is no longer applied to 

these harmonic components. 

V. CONCLUSION 

The relevant existing control methods for CSI-based 

DG have shortcomings such as the incapability of both 

grid-connected and islanded operation, the lack of virtual 

inertia, and the generation of distorted output current in 

transient condition. To solve these problems, a novel 

control scheme based on multivariable FCS-MPC for the 

implementation of VSG is proposed in this paper. 

Simulation studies indicate that the proposed control 

scheme offers many advantages. For instance, thanks to 

the deployment of the proposed VSG control, the 

controller can provide the inertia property from the power 

source to support the grid frequency stability and is also 

capable of operating independently in islanded operation, 

maintaining the control of output voltage and output 

frequency actively. The utilization of multivariable 

control of voltage and current, grants the controller with 

active damping ability to damp the resonances caused by 

the output CL filter. The present work was an initial step 

to apply a VSG control in a CSI-based DG, and for future 

steps of this work, conducting experimental tests for 

evaluating and validating the proposed control strategy is 

considered. 
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