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Matrix converter is an AC-AC direct power converter comprising of an array of bi-

directional switches. It does not require an intermediate DC-link and allows sinusoidal 

output waveforms with varying amplitudes and frequencies. The configuration of these bi-

directional switches decides the number of inputs and outputs of the matrix converter. This 

research uses a direct matrix converter (DMC) as a phase-changing device that can convert 

a three-phase AC voltage into a 5-phase AC voltage. The DMC is modulated with the 

model predictive control algorithm. The output of DMC is fed to a five-phase permanent 

magnet synchronous motor (PMSM). The model predictive current control technique for 

DMC is carried out by developing a mathematical model of an input filter and PM motor 

used as a load. The predictive control of DMC results in sinusoidal output current, and it 

also enables the frequency variation in the output current. This frequency variation is 

useful in controlling the speed of the motor connected to the load. After controlling the 5-

phase motor, the switching frequency regulation is done to observe its effect on the motor's 

stator current waveforms. Switching frequency regulation helps to limit the unnecessary 

switching of DMC. We developed a MATLAB-based Simulink model to study PMSM, 

and detailed results are presented. The results show that switching regulation can 

significantly reduce the switching frequency without compromising the current waveform 

quality. 
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1. INTRODUCTION

Direct MATRIX Converter (DMC) was first introduced by 

[1], and the authors proposed a scaler control (SC) technique 

for its operation. Over the years, DMC has created highlights 

because of its potential use in a wide range of power system 

applications such as power electronics and electrical and 

power engineering. DMC is composed up of bidirectional 

switches. The switches are arranged in m×n grid configuration 

[2]. In this m×n grid, m represents the columns, and n 

represents the number of rows. In other words, the columns 

denote the number of inputs, and the rows denote the number 

of outputs of DMC, as shown in Figure 1. Depending on the 

application, the number of bidirectional switches can be varied. 

A DMC can be connected in various configurations such as 

1×3, 3×1, 3×3, 5×3, and 3×5, and so on. This paper uses a 3×5 

configuration. 

DMC belongs to a class of power converters that directly 

transform AC waveforms without requiring an intermediate 

DC-link stage. In this type of converters, the input side is

directly connected to the load side instead of the traditional

back-to-back AC-DC-AC converters. In AC-DC-AC

converters, the AC is first converted to DC then transformed

into AC. Since it is a direct converter, hence the name Direct

MC (DMC). DMC is composed of solid-state semiconductor

bidirectional switches, for example, a TRIAC. These

properties make DMC very compact in design and simple to

use. A DMC can generate output voltages with varying

amplitudes and frequencies, i.e., an output voltage can be

obtained with a different frequency than the input voltage [3].

Additionally, it also generates a sinusoidal output current 

waveform. It operates with an asymptote unity power factor. 

Therefore, it has applications in the field of power systems 

such as reactive power control [4]. DMC allows the transfer of 

power in both directions, i.e., to and from the load to the 

electrical grid, making it a regeneration device. For example, 

if a permanent magnet synchronous machine (PMSM) is 

connected with a DMC, it can be operated both as a motor and 

a generator [5]. 

Due to these characteristics mentioned above, DMC can be 

widely used as a phase transformation system. DMC can play 

a vital role in multiphase power generation. Multiphase power 

generation has several advantages over a conventional 3-phase 

generation. For example, there is a reduction of phase losses 

in the multiphase generation system. The output power 

increases due to high power density. The five-phase power 

generators are relatively smaller in size compared to three-

phase generators [6]. 

The contemporary structure of the electric power grid is 

mostly 3-phase; therefore, a phase conversion device is always 

required when the load requires more than three phases [7]. 

For example, if a five-phase generator is installed in a power 

system, then a 3x5 DMC converter can be used to connect it 

to a 3-phase grid. In the future, when the smart grid is 

implemented on a larger scale, the use of a 5-phase distributed 

generator will be widespread. Multiphase distributed 

generators have many advantages, such as greater fault 

tolerance capacity, improved long-term reliability, reduced 

torque ripple, reduced voltage distortion, and the smaller size 

DC-link. Likewise, a 3×5 DMC converter can be used when a
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five-phase load is needed to be connected to a 3-phase power 

supply. A typical example of a multiphase load is a 5-phase 

motor. It also has many benefits, including a reduction in the 

amplitude of torque fluctuations and smaller size. It is noted 

by Ishaq et al. [8] that the size of a five-phase motor is one-

third the size of a 3-phase motor. According to the literature 

[9], the five-phase motor has reduced stator current in each 

phase without any increase of phase voltage, and this higher 

power density increases the motor's reliability. 

This paper investigates a DMC of three-phase to five-phase 

(3×5), as shown in Figure 1. Let us represent the voltage by V 

such that Va denotes input voltage at terminal A and VA 

represents output voltage at terminal A. This research's 

primary purpose is to apply the novel switching regulation to 

a 3×5 DMC that drives 5-phase PMSM [10]. 

The remaining of the article is organized as follows. Section 

II presents the system model used in Model Predictive Current 

Control, Section III deals with DMC's predictive control 

technique, and Section IV presents the numerical results. 

Finally, Section V concludes the paper.  

 

 
 

Figure 1. Matrix Converter Block Diagram. Source is 3-

phase AC, Load is PM synchronous motor. A, B, C, D and E 

denote output terminals of MC whereas, a, b, and c denote 

input terminals of MC. 

 

 

2. SYSTEM MODEL 

 

In this section, we present the system model studied in this 

paper. We explain three sub-models in this section: matrix 

converter model, load model, and filter model. 

 

2.1 Matrix converter model 

 

Matrix converter (MC) model with 3×5 configuration 

contains 15 bidirectional switches. These switches can have 

two states, ON and OFF, represented in binary as 1 and 0. 

These states can be produced via a gate pulse generated in the 

controller [11]. Therefore, the total number of switching 

combinations is 215 = 32768. However, the number of 

combinations reduces considerably because of the specific 

constraints listed below [12]. The constraints are: 

• The source lines cannot be short-circuited. 

• The load lines cannot be disconnected. 

The first constraint indicates that the short circuit between 

two or more phases will create over-voltages and result in 

system damage. Second constraints imply that the load is 

inductive and its current supply must not be interrupted. 

Suppose the disconnections occur during the operation of 

PMSM as described in paper [13]. In that case, the PMSM may 

draw excessive current, which will create heat in the winding, 

the ripples in torque are generated, and electronic components 

may be damaged. The above constraints can be summarized in 

Eq. (1). Furthermore, based on Eq. (1), as shown in Figure 2, 

at any given time, only one switch in each column can be 

turned ON. Here; 𝑆𝐴𝑛, 𝑆𝐵𝑛, 𝑆𝐶𝑛, 𝑆𝐷𝑛 and 𝑆𝐸𝑛 represent on/off 

state of 15 bidirectional switches of DMC [14]. 

 

∑ 𝑆𝐴𝑛

𝑛=𝑎,𝑏,𝑐

= ∑ 𝑆𝐵𝑛

𝑛=𝑎,𝑏,𝑐

= ∑ 𝑆𝐶𝑛

𝑛=𝑎,𝑏,𝑐

= ∑ 𝑆𝐷𝑛

𝑛=𝑎,𝑏,𝑐

= ∑ 𝑆𝐸𝑛

𝑛=𝑎,𝑏,𝑐

= 1 

(1) 

 

Initially, the total number of switching combinations in 3×5 

DMC is 215=32768, however after applying the above 

restrictions, the number of switching combinations reduces to 

243. Whereas the total number of valid combinations in 5×3 is 

125. We can formulate a relation between input and output 

voltage as shown in Eq. (2). Similarly, we can define the input 

and output current relation of the 3×5 converter by Eq. (3). 
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Figure 2. Matrix converter switching restrictions 
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2.2 Load model 

 

The five-phase permanent magnet synchronous machine 

(PMSM), as shown in Figure 3, is selected as a load for this 

study. The advantages of using 5 phases instead of 3 phases 

include low torque ripple, enhanced power distribution, and 

greater fault tolerance [15]. These characteristics make 

multiphase machines safer and reliable in applications such as 

electric vehicles, airplanes, and trains. The output of PMSM is 

equal to the electric torque produced in PMSM. The torque is 

denoted by T, and it can be represented by Eq. (5). Similarly, 

the relationship between stator voltage Vs and stator current is 

is expressed by Eq. (4) with Ls, Rs. Moreover, E represents 

stator inductance, resistance, and EMF, respectively. 

 

S
S S S S

di
V L R i E

dt
= + +  (4) 

 

A SA B SB C SC D SD E SET E i E i E i E i E i= + + + +  (5) 
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+ −
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   −
+ = − +   

   
 (7) 

 

Stator current derivative approximation is expressed by Eq. 

(6). Substituting Eq. (4) in Eq. (6) results in Eq. (7), and it 

represents the expression for the prediction of stator current 

with sampling time Ts in model predictive current control 

technique. 

 

 
 

Figure 3. Simplified model of PM motor 

 

Here, 𝑖𝑆(𝑘 + 1) is future or predicted value of current for 

the sampling interval k+1 for different values of voltage V, 

whereas the output voltages V(k) are calculated for all valid 

MC switching states [16]. 

 

2.3 Low pass filter model 

 

A passive low-pass input filter is used at the source side of 

DMC to compensate for the ripples and distortions in the input 

current and output voltage [17]. The switching of DMC causes 

these distortions. In the input filter model, the relationship of 

resistance Rf  and inductance Lf  with filter voltage Vf  is defined 

by Eq. (8) whereas, the relationship between capacitance Cf 

and filter current if is defined by Eq. (9). 

 

f f f in

di
V R i L V

dt
= + +  (8) 

in
f f in

dV
i C i

dt
= +  (9) 

 

 

3. MODEL PREDICTIVE CURRENT CONTROL 

 

In this section, the model predictive current control (MPCC) 

algorithm for DMC is presented. First, the control technique, 

along with the block diagram, is presented. Then, the 

switching regulation and optimization of the control algorithm 

are presented. Finally, the frequency conversion capability of 

DMC is discussed. 

 

3.1 Control technique 

 

Model predictive current control uses dynamic empirical 

models to predict future events and carries out control actions 

according to predictions. The key feature of an MPCC is that 

it allows the cost function to be optimized in the present time-

step while keeping into account the future time-steps. MPCC 

allows the optimization of multiple control parameters 

simultaneously [18]. 

 

 
 

Figure 4. Block diagram of model predictive current control 

technique for matrix converter 

 

 
 

Figure 5. MPCC flow chart 
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A block diagram of the MPCC technique is presented in 

Figure 4. The PMSM is used as the load, and its model and the 

model of the input filter are used to predict future values of 

current for the five-phase stator for all 243 valid switching 

combinations of a 3×5 DMC. Based on these predicted values, 

we minimize the cost function 𝑔 as expressed in Eq. (10). The 

flow chart of the MPCC algorithm is shown in Figure 5. 

According to the flow chart, the actual circuit parameters are 

measured and fed to the model predictive control block to 

predict output current. Subsequently, an optimal switching 

combination is selected by calculating g for all 243 switching 

combinations and then is applied to the DMC in the next 

sampling instant. The expression of the cost function for this 

control technique is presented in Eq. (10). Here, iref is the 

reference current and 𝑖𝑆
𝑝
 is the predicted stator current [19].  

The cost function tracks how the stator current follows the 

reference current. Switching combinations that produce the 

smallest difference between 𝑖𝑆
𝑝
 and iref is selected. Eq. (10) is 

further elaborated in Eq. (11). 

 

𝑔 = |𝑖𝑟𝑒𝑓 − 𝑖𝑆
𝑝

| (10) 

 

𝑔 = |𝑖𝛼
𝑟𝑒𝑓

− 𝑖𝑆𝛼
𝑝

| + |𝑖𝛽
𝑟𝑒𝑓

− 𝑖𝑆𝛽
𝑝

| (11) 

 

Here, 𝑖𝛼
𝑟𝑒𝑓

, 𝑖𝛽
𝑟𝑒𝑓

, 𝑖𝑆𝛼
𝑝

, and 𝑖𝑆𝛽
𝑝

 are the real part of the 

reference current, the imaginary part of the reference current, 

the real part of the stator predicted current, and the imaginary 

part of the stator predicted current, respectively. The Cost 

function calculation is done in the alpha-beta (αβ) reference 

frame. The (αβ)-transform is a mathematical transformation 

used to simplify multiphase quantities into two parts, one is 

real, and another is imaginary. The (αβ)-transform projects 

multiphase quantities onto a stationary reference frame with 

two axes [20]. 

 

3.2 Switching frequency regulation 
 

One of the main advantages of the MPCC technique is the 

possibility of including multiple cost-function tracking 

parameters to achieve additional objectives such as the 

switching frequency regulation (SFR), torque, and flux control. 

Apart from the output current control, various researchers have 

incorporated direct control of input current waveform to 

achieve high power factor operation [21]. DMC switching 

affects the input current and output voltage waveforms. Higher 

switching frequency increases the total harmonic distortion 

(THD) in the waveforms but results in sinusoidal output 

current. Low switching frequency decreases THD in the input 

waveforms but results in less sinusoidal output current with 

high THD. The main aim of the SFR is to reduce switching 

losses by limiting the number of commutations. SFR is 

achieved by penalizing those switching states that involve a 

higher number of commutations per sampling time [22]. 

For this purpose, a secondary parameter p, as expressed in 

(12), is included in the cost function g to regulate the switching 

[23]. Secondary parameter p is defined as "the total sum of the 

change in the switching states of all individual switches of the 

matrix converter." Eq. (12) can be further elaborated in Eq. 

(13). It is evident from the expression that we ideally require a 

switching pattern that forces fewer switches to change their 

states. For example, suppose we have 15 bi-directional 

switches in 3×5 MC. In that case, we want the least number of 

switches to change their states across two sampling instances. 

In Eq. (12) and Eq. (13), k is the current sampling instant of 

the simulation, while k-1 is the previous sampling instant [24, 

25]. 

Therefore, a minimum value of p is selected during the cost 

function evaluation. As a result, our cost function is modified 

as expressed in Eq. (14). Here, 𝑔 represents the combined cost 

function, A is the weighting factor, and p is a secondary 

parameter [26]. 
 

𝑝 = ∑|𝑆𝑚𝑛(𝑘 − 1) − 𝑆𝑚𝑛(𝑘)| (12) 

 

𝑝 = |𝑆𝐴𝑎(𝑘 − 1) − 𝑆𝐴𝑎(𝑘)|
+ |𝑆𝐴𝑏(𝑘 − 1) − 𝑆𝐴𝑏(𝑘)|
+ |𝑆𝐴𝑐(𝑘 − 1) − 𝑆𝐴𝑐(𝑘)|
+ |𝑆𝐵𝑎(𝑘 − 1) − 𝑆𝐵𝑎(𝑘)|
+ |𝑆𝐵𝑏(𝑘 − 1) − 𝑆𝐵𝑏(𝑘)|
+ |𝑆𝐵𝑐(𝑘 − 1) − 𝑆𝐵𝑐(𝑘)|
+ |𝑆𝐶𝑎(𝑘 − 1) − 𝑆𝐶𝑎(𝑘)|
+ |𝑆𝐶𝑏(𝑘 − 1) − 𝑆𝐶𝑏(𝑘)|
+ |𝑆𝐶𝑐(𝑘 − 1) − 𝑆𝐶𝑐(𝑘)|
+ |𝑆𝐷𝑎(𝑘 − 1) − 𝑆𝐷𝑎(𝑘)|
+ |𝑆𝐷𝑏(𝑘 − 1) − 𝑆𝐷𝑏(𝑘)|
+ |𝑆𝐷𝑐(𝑘 − 1) − 𝑆𝐷𝑐(𝑘)|
+ |𝑆𝐸𝑎(𝑘 − 1) − 𝑆𝐸𝑎(𝑘)|
+ |𝑆𝐸𝑏(𝑘 − 1) − 𝑆𝐸𝑏(𝑘)|
+ |𝑆𝐸𝑐(𝑘 − 1) − 𝑆𝐸𝑐(𝑘)| 

(13) 

 

𝑔′ = 𝑔 + 𝐴. 𝑝 (14) 

 

The relation of the secondary parameter 𝑝 with the best of 

the cost function is controlled with the weighting factor A. The 

larger value of A will increase the importance of p resulting in 

more aggressive SFR. However, greater SFR results in higher 

THD, as discussed before. Therefore, a balance between the 

value of A and the acceptable level of THD is required [27]. 
 

3.3 Frequency conversion 
 

DMC, as discussed previously, can be used as a cyclo-

converter. MPCC technique allows efficient frequency 

conversion capabilities. Source frequency can be increased or 

decreased depending upon the application's requirements. As 

shown in Figure 6, the MPCC technique of DMC supports the 

variable frequency, frequency, and amplitude of the reference 

current, along with the nature of the load model determines the 

frequency of the output current. The frequency of the reference 

current can either be set lower or higher depending upon the 

application. Figure 6(b) shows that the SFR visibly reduced 

switching compared to (a). Moreover, the output current's 

quality is also not affected drastically, as shown in Figure 6(d). 

The frequency becomes an essential parameter for the 

machine's speed when PMSM is used as DMC load. It 

determines the machine's synchronous speed, and it is useful 

in PMSM because the speed is independent of the load. 

Synchronous speed is the synchronization of the rotation of the 

shaft with the supply current. The precision of speed and 

position control of the permanent magnet machine is superior. 

The expression for synchronous speed is given by Eq. (15). 

Here, f is the line frequency of the supply current, and P is the 

number of poles. This speed is measured in revolutions per 

minute (RPM) [28]. 

 

𝑆𝑦𝑛𝑐ℎ𝑟𝑜𝑛𝑜𝑢𝑠 𝑆𝑝𝑒𝑒𝑑 = 120
𝑓

𝑃
 (15) 
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4. NUMERICAL RESULTS AND DISCUSSION  

 

Simulations for this research are done in 

MATLAB/Simulink using Simscape library. The simulation 

parameters are listed in Table 1. The three-phase source is 

connected at the MC input, five-phase PMSM is connected at 

the MC output. This simulation aims to observe the effect of 

switching regulation on the three-phase output current 

waveform as well as the speed control of PMSM using the 

frequency variation property of DMC. 

Figure 7(a) shows the 3-phase MC supply voltage without 

switching frequency regulation (SFR), hence the weighting 

factor A is zero, and Figure 7(b) shows 3-phase supply voltage 

with active SFR. It is observed that the input voltage is 

unaffected when the value of A is increased. On the other hand, 

the value of A directly affects the input current. Input current 

is distorted when A is increased from A =0 to A =0.01 as shown 

in Figure 7(c) and (d), respectively. Figure 7(e) and (f) show 

the THD spectrum of the input current. THD increases from 

40% to 67% when A is set to 0.01. 

 

Table 1. Simulation parameters 

Parameter Symbol Value 

Solver  ODE5 

Sampling Time Ts 1×10-6 s 

Input Voltage Va 220 V 

Reference Current Iref 9 A 

Weighting Factor A 0.01 

Input Filter 

Resistance Rf 1 Ω 

Inductance Lf 450×10-6 H 

Capacitance Cf 22×10-6 F 

PMSM 
Phases  5 

Poles P 8 (4 pairs) 

 

 
 

Figure 6. DMC output at 50 Hz, 100 Hz and 200 Hz. (a) Output Voltage without Switching Regulation, notice the increase in 

switching when output frequency is increased; (b) Output Current without switching regulation; (c) Output Voltage with 

switching regulation; (d) Output Current with switching regulation. 

 

 
 

Figure 7. Effect of weighting factor A on DMC output current, (a) Input Voltage at weighting-factor A=0, (b) Input Voltage at 

A=0.01, (c) Input Current at A=0, (d) Input Current at A=0.01, (e) THD spectrum of input Current at A=0, and (f) THD spectrum 

of Input Current at A=0.01. 
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Figure 8. Effect of variation of weighting factor A on DMC output voltage, List from top: (a) MC output voltage at weighting-

factor A=0, (b) Output Voltage THD spectrum at A=0, (c) MC output voltage at weighting-factor A=0.01, (b) Output Voltage 

THD spectrum at A=0.01. 

 

Figure 8(a) shows the output voltage of MC at the weighting 

factor A=0 of SFR, while Figure 8(b) presents its THD 

spectrum. Similarly, Figures 8(c) and (d) show MC output 

voltage at A=1 and its THD spectrum. Switching-regulation 

has optimized the switching frequency by reducing the 

switching count. Comparing output voltage waveforms shows 

significantly reduced switching, and THD has decreased by 

almost 5%.  

Figure 9 shows the total switching count (SC) of MC in 0.04 

seconds. It can be observed that SC is almost 15000 when 

there is no active SFR. SC reduces considerably to around 

3000 when the weighting factor is set to A=0.01. SC further 

reduces to 1000 when A=0.02. It is found that the value of 

weighting factor A=0.01 is sufficient because a further 

increase in its value affects the sinusoidal shape of the output 

current waveform and introduces significant distortion.  

Figure 10(a) shows the stator current of the 5-phase PM 

motor, (b) shows the speed of the motor in RPM, and (c) shows 

the electromagnetic torque along with the reference torque. 

The supply voltage frequency is 50 Hz, and the motor has eight 

poles. In response to the increase in torque, as shown in Figure 

10(c), the amplitude of the stator current also increases to 

maintain the speed at 750 RPM, as shown in Figure 10(a). 

Similarly, the speed increases from 0 to maximum in 0.1 

seconds. Moreover, the THD spectrum of stator current is 

presented in Figure 11. The total harmonic distortion is around 

0.21%, which is acceptable.  

 
 

Figure 9. Switching frequency at A=0 (blue), A=0.01 (red), 

and A=0.02 (yellow) 

 

 
 

Figure 10. PMSM parameters, (a) Stator Current, (b) Speed 

in RPM and (c) Reference Torque (blue) and Motor Torque 

(Orange) 
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Figure 11. THD spectrum of PMSM stator current 

 

Finally, Figure 12 shows the output current and DMC 

voltage when the input voltage frequency varies significantly. 

Here three different input voltage frequencies are applied, e.g., 

50 Hz, 100 Hz, and 200 Hz. Despite the varying input 

frequency, the output current remained stable at 50 Hz with a 

smooth waveform. This property makes the DMC an attractive 

choice for variable speed wind energy generation (WEG) [29]. 

The PMSM based WEG enables the turbine's operation at its 

maximum power point over a wide range of wind speeds. 

These WEG systems are optimum because they do not require 

brushes or a gearbox that wears. Electricity generated by 

PMSM has variable amplitude and frequency. It requires extra 

power converters to match the frequency and amplitude of the 

main grid, which are to run conventional loads [30].  

Furthermore, the PMSMs are increasingly used in marine 

propulsion systems, electric vehicles, and the aerospace 

industry. These applications would require an MC controller 

that is compact and has high efficiency and reliability [31]. 

MPCC needs high sampling frequency to ensure accurate 

tracking of the control variables, leading to increased 

computational effort and requiring high-cost controllers to 

implement MPCC on the industrial scale. Likewise, large 

inductor and capacitor filters are essential to remove the 

current and voltage harmonics [32]. These issues must be 

addressed to increase the use of matrix converter in the real 

world. 

Moreover, DMC control schemes achieve good 

performance, but they introduce substantial common-mode 

voltage (CMV) at the motor end. High CMV creates leakage 

and bearing currents which reduce the motor life and degrade 

the system reliability. Therefore, control schemes must be 

designed to mitigate the CMV for DMC fed drive systems [33]. 

 

 
 

Figure 12. DMC output voltage and current when voltage is of varying frequency 

 

 

5. CONCLUSION 

 

We presented the control of 5-phase PMSM via a 3×5 Direct 

Matrix converter in this paper. The model predictive current 

control technique is used to modulate a 3×5 DMC. A 3-phase 

voltage is transformed into a 5-phase voltage with DMC. 

Predictive control of DMC resulted in a sinusoidal supply of 

current for the load. Regulation of switching frequency is 

achieved using a 3×5 matrix converter. The simulation results 

consistently show that the process of switching regulation is 

effective in reducing switching of the bidirectional switches 

and. Switching regulation allowed the losses to be 

considerably reduced. A 3×5 DMC is useful for running 5-

phase loads such as PM and IM motors. It can also be used as 

a phase conversion device for the interconnection of 5-phase 

generators to 3-phase grid systems. 
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