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Abstract. This paper introduces a novel model predictive control (MPC) method with the variable 

virtual voltage vectors (VVs) applied to the isolated matrix rectifier (IMR) in the power conversion 

system. This control method solves the problem that the switching frequency is not fixed in the 

conventional MPC and improves the dynamic response capability and robustness. The IMR is 

simplified by the idea of decoupling, which realizes the flexible and independent control of its bi-

directional switches. Considering the actual industrial production conditions and parameter errors, 

the position of the virtual VVs can be adjusted. Simulation results verify the effectiveness of the 

proposed method, showing excellent static and dynamic performance. 

Keywords: isolated matrix rectifier, model predictive control, variable virtual voltage vectors, 

decoupling.  

1. Introduction  

The isolated matrix rectifier (IMR) evolved from two-stage matrix converter, which inherited many 

advantages of the latter, such as sinusoidal grid current, high input power factor, compact structure, etc. [1]. 

The matrix rectifier can introduce a high-frequency transformer to form an isolated matrix rectifier (IMR) so 

as to achieve electrical isolation and voltage level conversion. At present, IMR has been widely used in fields 

such as communications, aerospace, V2G, and offshore wind power [2], which has excellent industrial 

application value. 

Model Predictive Control (MPC) was first proposed by American expert Richlet, and it made predictions 

based on mathematical models and obtained optimal solutions through rolling optimization. The differences 

between MPC and traditional control methods lie in the state prediction and constraints of the control quantity, 

so the adverse effects caused by external interference and model mismatch can be eliminated to a certain 

extent [3]. The control strategy of IMR should adjust the alternating current and the direct current at the same 

time for realizing the high power factor and the required direct current, but it’s not effortless to realize these 

goals at the same time. Literature [4] uses a widely used proportional-integral (PI) controller to regulate the dc 

current, but the LC filter produces an inherent phase shift between the grid current and the voltage, resulting in 

a non-unitary power factor. In order to directly control the power factor, in addition to the dc current control 

loop, a PI controller is added in [5] to control the phase angle of the grid current. However, the angle is very 

sensitive to the error caused by the digital sampling process, so it is necessary to design two controllers, which 

complicates the control strategy. MPC can realize the simultaneous control of multiple control targets. The 

output current quality index and the size of the reactive power can be reflected in the cost function to constrain, 

and the cost function can also be modified and expanded according to specific needs. MPC is becoming a 

more attractive solution for controlling IMR. 

MPC is mainly divided into Continuous-control-set MPC (CCS-MPC) and Finite-control-set MPC (FCS-

MPC) [6]. FCS-MPC traverses the limited switching state to find the switching state that minimizes the cost 

function and outputs it directly, without the need for a modulation module, and the algorithm is more concise. 

FCS-MPC has a large amount of calculation and a long calculation time. In addition, due to the lack of a 

modulation link, the switching frequency of the switching device is not fixed, and a higher sampling 

frequency is required to achieve high performance. Literature [7] proposes a pre-selection algorithm based on 

MPC for matrix converter. First, it calculates the phase angle of the input current vector of the virtual rectifier 

stage, and then determines the position of the vector in the coordinate system, and finally preselects the 

nearest vector as the candidate vector for traversal optimization, thereby reducing the calculation amount of 
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the prediction algorithm. In order to overcome the non-fixed switching frequency of FCS-MPC, the paper [8] 

proposes to use two vectors in the sector to calculate the cost function of the sector based on the rectifier stage 

of matrix converter. After traversal optimization, the vector that minimizes the cost function is selected as the 

action vector at the next moment, and calculates the respective duty cycle. The prediction process of the 

inverter stage is similar to the rectifier stage, except that a zero vector is additionally introduced, the 

calculation amount of the entire control scheme is relatively huge. 

To sum up, this paper introduces a method of combining both variable virtual voltage vectors (VVs) and 

basic VVs and applies it to the MPC scheme of IMR. The rest of the paper is organized as follows. In section 

2, IMR prediction model is built based on the idea of decoupling. In section 3, the conventional MPC control 

is introduced. In section 4, the MPC with variable virtual VVs is analyzed in detail. In section 5, we verify the 

effectiveness of the proposed method through simulation. Finally, we summarize the work of the full paper.  

2. Topology and Mathematucal Model of Isolated Matrix Rectifier  

2.1．Decoupling and coupling 

The IMR topology is shown in Fig.1: 

ea

eb

ec

R

R

R

D1

L

L

L

Spua

Snua

Spda

Snda

Spub

Snub

Spdb

Sndc

Spuc

Snuc

Spdc

T D3

D2 D4

C RL

Sndb

3-1MC

 

Fig. 1: Isolated matrix rectifier topology. 

IMR can be divided into five parts: 1) input filter: voltage-type rectifiers usually only use inductors to 

filter out the higher harmonics in the grid current, showing a better sinusoidal shape; 2) three-to-single phase 

matrix converter: output high-frequency electricity with alternating positive and negative; 3) high-frequency 

transformer: to achieve electrical isolation and voltage conversion between the input side and the output side; 

4) uncontrollable rectifier bridge: which changes ac voltage to dc voltage; 5) output filter: the purpose of 

capacitor is to filter out high-order harmonics of output voltage. 

Many papers control the bidirectional switches ( PS and nS ) on the same bridge arm as a whole, i.e. 

opening and closing together. This article adopts independent control. Switch PS  is used as a normally-on 

switch, and pulse width modulation (PWM) pulses control the opening and closing of switch nS . On the 

contrary, switch nS  can also be used as a normally-on switch, and PWM pulses control the opening and 

closing of switch PS . As shown in Fig.2: 

 

Fig. 2: Switch control mode. 

According to the above switch control method, the decoupling of IMR is shown in Fig.3. Decoupling 

generates positive group converter and negative group converter. When performing space vector modulation 

(SVM) on the positive group of PWM converter, the switch of negative group is in a normally-on state and 

outputs positive square wave voltage. When performing SVM on the negative group of PWM converter, the 

switch of the positive group is in the normal-on state and outputs negative square wave voltage. The bridge 

circuit in the latter stage rectifies the alternating positive and negative voltage to dc voltage. 
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The key function of decoupling is to decompose the matrix converter into two groups of ordinary PWM 

converters, so that the extensive modulation and control strategies applied to PWM converter are suitable for 

matrix converter. 
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Fig. 3: IMR topology decoupling diagram. 

The purpose of coupling is to generate a control signal to the switch tube, and the focus is logical 

combination. In an “or” gate, the inputs are the drive signal (i=a,b,c) generated by ordinary PWM converter 

and the coupling control signal ( PV and nV ), and the output is the drive signal of each unidirectional switch 

after the topology is decoupled. The coupling logic is shown in Fig.4: 
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Fig.4: Drive signal coupling logic diagram. 

iSVM + and i-SVM are the complementary driving signals of the upper and lower switch tubes of the same 

bridge arm, and PV and nV  are complementary high-frequency square waves with a duty cycle of 50% each. 

2.2.  Build Mathematical Model 

According to the above decoupling analysis, taking the positive group rectifier as an example, it outputs 

positive voltage. In the αβ coordinate system: 

                             

di
u e L i R

dt

di
u e L i R

dt


= − −


 = − −



  



  

                                                         (1) 

Using Park transformation, the expression in the dq coordinate system is obtained: 

     

d
d d d q

q

q q q d

di
u e L i R wLi

dt

di
u e L i R wLi

dt


= − − +


 = − − −


                                                   (2) 

which is also: 

dq

dq dq dq dq

di
u e L jwLi Ri

dt
= − − −                                               (3)   

The schematic is shown in Fig.5: 
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Fig. 5: Equivalent mathematical model. 

where: dqe -grid voltage, dqi -grid current, L -filter inductance, w -grid frequency. 

According to SVM, the basic VVs are as follows [9]: 

[( 1) ]
3

2

3

j n wt

dq dcu U e
− −

=


   n [1,2,3,4,5,6]=                                         (4) 

 0dqu =        [0,7]n =                                                   (5) 

The basic VVs is shown in Fig.6: 
wjq

d

basic VVs

 

Fig.6: Basic VVs diagram. 

The actual voltage vector hu  can be expressed as [10]: 

                      h dq dq dqu e jwLi Ri= − −                                                            (6) 

Combining (3) and (6), we can get: 

dq

h dq

di
L u u

dt
= −                                                                                        (7) 

Equation (7) is the basis for predicting the grid current.  

3. Conventional Model Predictive Contral  

At the current moment, this method predicts the grid current value of the next sampling moment when 

each basic voltage vector is applied by sampling parameter values, makes a difference with the reference 

current value, selects the voltage vector that minimizes the difference and applies it to the next sampling 

moment [11]. The sampling period is sT . According to the forward Euler formula. 

( 1) ( 1) ( )dq dq dq dq

s s

di i k i k i k

dt T T

 + + −
 =                                                    (8) 

Combining (7) to get: 

( 1) ( )
h dq

dq dq s

u u
i k i k T

L

−
+ = +                                                                             (9) 

Since the sampling period is very short, it is generally considered that the reference current ( 1)dqi k +  at 

time 1k +  is equal to the reference current ( )dqi k
 at time k , so the difference between the predicted current 

and the reference current is as follows: 

( 1) ( ) ( 1)idq dq dqk i k i k+ = − +                                                                       (10) 

The cost function J  of MPC is defined as follows: 
2 2( 1) ( 1)id iqJ k k= + + +                               (11) 
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The goal of the MPC algorithm is to select the voltage vector that minimizes the value of J .The overall 

control scheme is shown in Fig.7: 
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 Fig.7: Block diagram of conventional MPC. 

4. Model Predictive Contral with Variable Virtual Voltage Vectors  

4.1.  Control method 

In order to further improve the conventional MPC and the MPC with fixed virtual VVs, this paper 

proposes the MPC with variable virtual VVs. Variation means that the position of the virtual VVs can be 

changed according to the requirements of the control system. If the system predicts that the optimal output 

voltage of the rectifier is the reference voltage vector or variable virtual VVs, the SVM module is used to 

modulate the reference voltage vector or variable virtual VVs to obtain the corresponding switching signal. 

According to the junction-coupled logic, the switching signal and the complementary high-frequency square 

wave together perform the control of the two sets of rectifier’s switches. Taking one switching cycle as an 

example, the schematic diagram of each switch driving signal synthesis is shown in Fig.8. SVMa+ and SVMa- 

represent the complementary driving signal of A-phase generated by modulation, Vp and Vn are voltage 

switching command signals, Spua and Spda are the driving signals of the A-phase bridge arm of the positive 

group circuit of the matrix rectifier, Snua and Snda are the driving signals of the A-phase bridge arm of the 

negative group circuit of the matrix rectifier, and the other two phases are similar to A-phase. 
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Fig. 8: Schematic diagram of switch driving signals. 

The variable virtual VVs are shown in Fig.9. dqu
 is the reference voltage vector that needs to be 

modulated by the converter based on the goal of the closed-loop control system. The 1u , 2u  and 3u are variable 

virtual VVs that located at the three vertices of an equilateral triangle. This equilateral triangle is an inscribed 

triangle of a circle with dqu
 as the center and fR  as the radius. 
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Fig. 9: Schematic diagram of variable virtual VVs. 

Therefore, it can be seen that the difference of fR  will lead to different positions of the variable virtual 

VVs. The choice of fR  will be explained later. In summary, the positions of 1u , 2u , and 3u  can be changed 

by the 
dq

u , so they are called variable virtual VVs. dqu  is determined by the reference grid current vector 

dqi  in the following equation: 

( )dq dq dqu e j wL R i = − +                                                      (12) 

The 
di  is a product of the DC-link voltage controller. Generally, qi  is commanded to be 0. The 

reference voltage vector at time k  is : 

       ( ) ( ) ( ) ( )dq dq dqu k e k j wL R i k = − +                         (13) 

According to the mathematical characteristics of the equilateral triangle, the variable virtual VVs are 

obtained: 

1( ) ( )dq fu k u k jR= −                                                       (14) 

2

3
( ) ( )

2 2

f f

dq

R R
u k u k j= + +                                                   (15) 

3

3
( ) ( )

2 2

f f

dq

R R
u k u k j= + −                                                (16) 

As shown in Fig.10, the variable virtual VVs can be generated from the basic VVs. ‘1’ means that the 

upper switch of the phase is on, and the lower switch is off, ‘0’ means that the lower switch of the phase is on, 

and the upper switch is off. 
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V2(110)
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V7(111)
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Fig. 10:  Synthesis of virtual vectors. 

Take the virtual vector between V1 and V2 as an example: 

1 2
1 2( )

S S

T T
u k V V

T T
= +                            (17) 

T1 is the action time of V1, T2 is the action time of V2. 

1

2

sin( )
3

sin( )

S

S

T mT

T mT


= −


 =






                           (18) 

dqe d

dqu

fR

3u

1u

2u

( ) dqj R wL i− +
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where m is Modulation coefficient of SVM: 

dc

3
(k)m u

U
=                               (19) 

Therefore, the change of grid current is as follows: 

( ) ( )
( 1) h con

dq s

u k u k
i k T

L

−
 + =                                                  (20) 

( 1) ( ) h con
dq dq s

u u
i k i k T

L

−
+ = +                                                                     (21) 

Similar to conventional MPC, the cost function J is defined as: 

    
2 2( 1) ( 1)id iqJ k k= + + +                                                                   (22) 

The conu  is the voltage vector waiting to be selected and applied to the converter. The following are the 

specific conditions of selecting: (1) When the inductance parameters are given accurately, that is, the actual 

inductance value is the same as the nominal value, the system works stably, and the reference voltage vector 

should be selected to achieve accurate and stable output; (2) In practical engineering applications, the 

inductance will cause its nominal value to be different from the real value due to aging, that is, there is an 

error between the inductance value used in the control algorithm and the actual inductance value. The 

reference voltage vector derived from the mathematical model is different from the actual voltage vector, the 

prediction algorithm selects the voltage vector that minimizes the cost function value. The control block 

diagram of the proposed method is shown in Fig.11: 
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Fig. 11: Block diagram of MPC with variable virtual VVs. 

The voltage vectors that can be selected in the system include 16 basic VVs of the positive group and 

negative group converters, reference voltage vector, and 3 virtual voltage vectors, a total of 20 voltage vectors. 

The control flow of the system is shown in Fig.12. 
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Voltage outer loop control to calculate reference 

current idq
*

Formula (13) calculates the reference voltage 

vector udq
* 

and compute the dummy variable virtual 

VVs  u1，u2，u3

For i=1：20

Apply the switching state corresponding to the 

optimal voltage vector u(i)

Y

N

Sample edq(k),idq(k),Udc

The basic optimization field with 20 elements are 

composed of 16 basic VVs, reference voltage 

vector udq* and 3  variable virtual VVs

Substitute the voltage vector corresponding to 

element i into formula (21) to obtain the predicted 

current idq(k+1)

Substitute the predicted current into formula (22) to 

get cost function value J

i=i+1

Start

End

Stores the element label i corresponding to the 

minimum value of the cost function

i=20

 

Fig. 12: Control flow diagram. 

Based on the above control scheme, after the cost function calculation, if the voltage vector applied to the 

converter is dqu
 or 1u , 2u , 3u , space vector modulation is required. The two groups of converters perform 

modulation work alternately, so that the high-frequency transformer outputs positive and negative high-

frequency square wave signals, and then the output of dc voltage is realized by the uncontrolled rectifier 

bridge circuit of the latter stage. 

4.2. Influence of inductance L 

The actual value of the inductance in the system is mL , and the actual voltage vector is realu  according to 

formula (6). The inductance value calculated in the model prediction algorithm is the nominal value L , and 

the reference voltage vector dqu  derived from the mathematical model by substituting L into equation (13) 

may no longer be applicable to the system. This strategy provides more voltage vectors for selection, and 

selects the optimal one to minimize the cost function value. The method for selecting the voltage vector is as 

follows: (1) When the actual value of the inductance is the same as the nominal value, i.e. mL L=  , the 

reference voltage vector derived from the mathematical model is consistent with the actual voltage vector, so 

the SVM module can be directly used to modulate the reference voltage vector to obtain the switching signal. 

(2) Under actual operating conditions, due to factors such as device aging, the nominal value of the inductance 

often has a certain deviation from the actual value. For this reason, an error threshold is selected in this design 

to form an equilateral triangle area near the reference voltage vector, as shown in Fig.9. When the actual value 

of the inductance is slightly larger than the nominal value, for example m 1.5L L= , at this time, it can be seen 

from the comparison of formula (6) and formula (13) that dqu is bigger than realu , that is, realu  is located 

below the reference voltage vector derived from the mathematical model in Fig.9, and will not exceed the 

triangle area. The system will use the global traversal optimization mechanism to select dqu  or the nearest 
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variable virtual VVs as the modulation amount to generate the driving signal. The specific selection method is 

determined by judging the size of the cost function value of each voltage vector. (3) When the actual value of 

the inductance is slightly smaller than the nominal value, for example m 0.5L L= , the actual voltage vector is 

above the 
dqu , and will not exceed the set triangle area. At this time, the system uses the global traversal 

optimization mechanism to select the 
dqu  or the variable virtual VVs on the upper side and generate the drive 

signal by modulating. (4) When the error between the actual value of the inductance and the nominal value 

exceeds a larger limit, for example m 0.25L L= , the actual voltage vector is ar above the 
dqu , that is, it 

exceeds the set triangle area. It can be seen from equation (20) that if conu  is 
dqu  or variable virtual VVs, the 

current can only increase. At this time, the range of the voltage vector is selected to include the basic VVs to 

reduce the cost function value against the change of the curren 

The different value of fR will change the size of the circle and the size of the inscribed triangle, so that the 

position of the variable virtual VVs will change. Therefor, under the condition that the current is controllable, 

the size of fR  affects the variation range of the inductance L . In the critical state, the difference between hu  

and dqu
 is exactly half of the radius fR , which is:            

0.5m dq dq fwL i wLi R− =                                                        (23) 

Assuming dq dqi i= : 

   2f dqR w Li=                                                               (24)    

where mL L L = − ,it is the maximum acceptable range of inductance. The value of fR  should be 

determined and keep unchanged before operating the control system. 

5. Simulation  

In order to verify the effectiveness of the proposed method, the simulation is implemented in Matlab/ 

Simulink software. The simulation parameters are shown in Table I:  

Table 1: Simulation parameters 

    Parameters     Value 

  Grid-voltage  e  220V, 50Hz  

  Filter inductance L  2mH 

  Input resistance R   0.1Ω 

  Filter capacitor C   6mF 

  Load resistance LR   10Ω 

 DC-link voltage dcU       700V 

  Sampling frequency 10KHz 

 

In the simulation, we test the output voltage of the system, the phase relationship between grid voltage and 
current, the harmonic content of grid current and the ability to resist load disturbance. The simulation results 
are shown in Fig.13: 

                             
(a) output voltage                                      (b) Phase relationship 
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                                     (c) grid current harmonic                                    (d) Voltage dynamic recovery 

Fig.13: Simulation waveforms. 

As shown in Fig.13(a), the output DC voltage of the system is 700V, which is completely consistent with 

the target voltage value of the closed-loop control system. This result shows that the system can work 

accurately and stably. In Fig.13(b), the grid current and voltage have the same phase, which means that the 

power factor of the system can reach 1. It can be seen from Fig.13(c) that the high-frequency harmonic 

content of the grid-side current is 0.95%, indicating that the system can obtain an ideal quality grid current. At 

0.1s, the load resistance suddenly changes from 10Ω to 20Ω. As shown in Fig.13(d), the output DC voltage 

rises briefly and then returns to its original value, which indicates that the system has a strong ability to resist 

load disturbance.  

When mL  and L  are inconsistent, we test the robustness of the proposed method and compare it with 

conventional MPC. The simulation results are shown in Fig.14 and Fig.15 : 

  

  

Fig. 14: MPC with variable virtual VVs. 
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Fig. 15: Conventional MPC. 

By measuring the harmonic content of the grid current in the four cases in Fig.14. By measuring the 

harmonic content of the grid current in the four cases shown in Fig.15. The comparison shows that the 

proposed control scheme makes the system more robust. 

6. Conclusion 

This paper combines FCS-MPC with SVM and applies it to the IMR. Compared with the conventional 

MPC, the proposed method makes the IMR has more excellent static and dynamic output capacity, so it has an 

eximious industrial application prospect. 
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