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This study presents a predictive current control and reactive power minimization 
strategy for a two-level single-phase indirect matrix converter (SP-IMC). The 
proposed control strategy takes advantage of the discrete nature of the system to 
predict the future load current and reactive power behaviour to perform switching 
optimization based on a minimum cost function criterion. Forward Euler’s 
approximation is used based on unitary power factor condition, minimum reactive 
power, and minimum load current harmonic content (THD%). An optimized rectifier 
switching strategy was also conducted to ensure positive fictitious dc-link voltage at 
any instant. Several robustness tests have been conducted at a laboratory scale and 
the experimental results of the proposed control are provided in this paper. From the 
experimental results, the Forward Euler’s approximation exhibits good load current 
reference tracking and reactive power minimization ability.  
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1. Introduction 
 

The ac-ac power conversion is synonymous to applications such as renewable-energy [1], 
adjustable speed drive [2,3] and many others. There has been intensive research with three phase 
direct and indirect matrix converters [4–7]. However, the single-phase indirect matrix converter is 
lacking of literature. With this topology, a single-phase device can be used by tapping from a three- 
phase network. The application of single phase covers a wide range of application such as 
residential, and rural areas. Some concrete industrial examples of three phase to single phase 
conversions are the battery charging using wireless power transfer [8], electric vehicles and railway 
traction system [9]. In fact, most of the electrical appliances rely on single phase connection like 
computer-related equipment, basic lightings, and other power electronics devices [10]. 

There are a number of different topologies for direct ac-ac converters. Three major topologies 
to convert from ac to ac such as cycloconverter, back to back power converter (ac- dc-ac converter) 
and lastly matrix converter. The major drawback of cycloconverter is the substantial harmonics 

 
* Corresponding author. 
E-mail address: lkasumawati@unimas.my 
 
https://doi.org/10.37934/aram.140.1.4459 



Journal of Advanced Research in Applied Mechanics 
Volume 140, Issue 1 (2026) 44-59 

 

45 
 

pollution due to irregular and fast commutating semiconductor switching [11,12]. Meanwhile, back 
to back power converter, it has a nearly similar physical structure as the indirect matrix converter. It 
combines rectifier and inverter via intermediate dc-link element. Most of the back to back power 
converter considers naturally commutated semiconductor switches to synthesize the positive dc 
link voltage. As a consequence, a bidirectional power flow cannot be attained [13]. The existence of 
the dc- link capacitor requires regular maintenance because this element is susceptible to grid 
disturbances. Furthermore, for middle-range voltage, the size of the capacitor is huge and bulky 
which affect the size and volume of the power circuit. Another variant of single phase ac-ac 
converter is the direct matrix converter [14]. The total number of semiconductor switches is the 
major drawback of this topology. Recently, indirect matrix converter has gained special attention 
due to its compact size, reliability and performance. For this salient feature, matrix converter is now 
becoming a good alternative to back-to-back power converter and cycloconverter. IMC has 
superiority in terms of reliability, durability and compactness of size and volume. IMC topology has 
been widely discussed, and many researchers have developed various IMC topologies suitable for 
specific applications [15–17]. 

There are many modulation strategies for IMC. The initial establishment of matrix converter 
modulation scheme was PWM based algorithm presented in [18,19] by Alesina and Venturini for 
direct matrix converter. This modulation technique features controllable output voltage, adjustable 
input power. However, the achievable voltage ratio transfer was limited to only 0.5. The most 
relevant variety of PWM modulation is the Carrier-Based PWM (CB-PWM) as reported in [20,21]. 
The carrier signal for the rectifier to drive the circuit is a symmetrical triangular signal of constant 
frequency, while the carrier for the inverter is a triangular waveform with variable rising and falling 
edge slope, the real time calculation of the slope requires high computational cost to the controller. 
Besides PWM, SVM gain popularity due to its intuitive concept and superiority of performance 
compared to the PWM. The space vector modulation PWM (SVPWM) method has been generally 
used to control the IMC because it has a good performance such as lower current harmonics and 
controllable switching frequency. However, the computational requirement for this control is 
extremely high, and the control modelling is very complex. These control mentioned above does 
not directly feature reactive power minimization. The inclusion of reactive power minimization with 
this control strategy is at the expense of high computational cost. 

In this paper, the author has implemented finite control set model predictive control (FCS-MPC) 
with reactive power minimization and assert the performance of SP-IMC. FCS-MPC has been 
successfully implemented for various topologies due to its simplicity and reliability as recorded in 
[22–27]. Moreover, this scheme does not require internal current control loops and modulators, 
which greatly reduces its complexity. Unlike space vector modulation strategy, the control strategy 
allows the use of all valid switching states including the rotating vectors [11,28]. This technique has 
been successfully applied to a wide range of power converters topologies. The predictive control is 
actually an optimization algorithm. In order to work out this strategy, it has to be implemented in 
digital microprocessor. Therefore, an obvious starting point of the analysis is to perform discrete 
mathematical analysis [29]. Subsequently, the same discrete mathematical models of the power 
converter, input filter and load are used to predict the future behavior of the load current and 
reactive power for each valid switching state. In our case, 12 switching combination are considered 
[30]. The optimization task is undertaken by a cost function which characterises the control 
objectives. The main function of the cost function is to select the switching combination that 
minimizes the reference tracking error and minimizes the predicted reactive power value. After 
calculating the optimum switching combination, they will be applied to the next sampling time. 
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2. Single Phase Indirect Matrix Topology 
 

The proposed power circuit englobes three main circuits as illustrated in Figure 1. Firstly, a 
second-order input filter which contains three elements, resistive and inductive elements are 
connected in series with the input voltage supply meanwhile, the capacitive elements are 
connected as a star connected circuit. The main task of the input filter is to perform high-order 
harmonic mitigation from the three- phase ac supply and also served as protection from over 
voltage cases. The voltage across the input filter capacitor is fed to the second circuit which is the 
bidirectional front- end rectifier. The main function of this power circuit is to synthesize a positive 
dc-link voltage. Finally, conventional H-Bridge inverter circuit composed by four switching devices is 
used to convert the dc-link voltage into ac voltage across the load. Both the rectifier and inverter 
circuits are connected without any physical dc-link elements. The absence of the dc energy storage 
element enables a more compact design of the converter. 

 
 

Fig. 1. Single phase indirect matrix converter topology 
 
2.1 Rectifiers 

 
The rectifier can form nine distinct switching possibilities. At any instant, all switching 

combinations can be equally divided into 3 groups corresponding to positive, negative and zero dc-
link voltage. Properly switching of one upper-level rectifier switch simultaneously with one lower 
level rectifier switch enables the rectifier to generate positive dc-link voltage. The switching 
combinations which contribute to the positive dc-link voltage are selected beforehand using 
optimal rectifier switching selection proposed in subsequent sections. In order to avoid short circuit 
of the dc-link, the following switching constraints are imposed Eq. (1) and Eq. (2): 
 
∑ 𝑆𝑆𝑟𝑟(1+2𝑘𝑘) = 12
𝑘𝑘=0 , ∑ 𝑆𝑆𝑟𝑟(2+2𝑘𝑘) = 12

𝑘𝑘=0            (1) 
 

𝑆𝑆𝑟𝑟(1+2𝑘𝑘) ∙ 𝑆𝑆𝑟𝑟(2+2𝑘𝑘) = 0, 𝑘𝑘 = {0,1,2}            (2) 
 
Eq. (3) expresses the relationship between the input current as a function of the dc-link current 

and rectifier switches. 
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𝑖𝑖𝑖𝑖 = �
𝑆𝑆𝑟𝑟1 − 𝑆𝑆𝑟𝑟2
𝑆𝑆𝑟𝑟3 − 𝑆𝑆𝑟𝑟4
𝑆𝑆𝑟𝑟5 − 𝑆𝑆𝑟𝑟6

� 𝑖𝑖𝑃𝑃𝑃𝑃              (3) 

 
Eq. (4) expresses the dc-link voltage as a function of rectifier switch states and the input 

voltage. The selected line to line voltage is reflected to the dc-link terminals to create positive 
potential difference. 

𝑣𝑣𝑃𝑃𝑃𝑃 = [𝑆𝑆𝑟𝑟1 − 𝑆𝑆𝑟𝑟2 𝑆𝑆𝑟𝑟3 − 𝑆𝑆𝑟𝑟4 𝑆𝑆𝑟𝑟5 − 𝑆𝑆𝑟𝑟6] �
𝑣𝑣𝐴𝐴
𝑣𝑣𝐵𝐵
𝑣𝑣𝐶𝐶
�          (4) 

 
2.2 Optimized Rectifier Switching Strategy 

 
By considering six possible switching states of the rectifier and four allowable switching 

combination of the inverter, a total of (6x4) 24 possible switching states can be counted. However, 
as explained earlier, only three of the possible rectifiers switching states can synthesize positive dc-
link voltage. If the three plausible switching combination can be selected beforehand, there will be 
a possibility to reduce the computational cost in a significant manner. To ensure positive dc-link 
voltage, the input voltage connected to the positive terminal of the dc-link should be greater than 
the one connected to the negative terminal. The vector position can be divided into six groups 
namely sextant 1 to 6 as shown in Table 1. Each group has specific angle and allowable rectifier 
switching.  

 
Table 1 
Sector and Angle Classification 

se
xt

an
t 𝜃𝜃°

=
180°
𝜋𝜋

× 𝑡𝑡𝑡𝑡𝑡𝑡−1 �
√3(𝑣𝑣𝐵𝐵𝑘𝑘 − 𝑣𝑣𝐶𝐶𝑘𝑘)

2𝑣𝑣𝐴𝐴𝑘𝑘 − 𝑣𝑣𝐵𝐵𝑘𝑘 − 𝑣𝑣𝐶𝐶𝑘𝑘
�

+ 180° 

Vector position Allowed rectifier 
switching 𝑆𝑆𝑟𝑟𝑟𝑟  

m
in

 

m
ed

 

m
ax

 𝑖𝑖  

1 0 ≤ 𝜃𝜃 < 60  𝑣𝑣𝐴𝐴  𝑣𝑣𝐵𝐵   𝑣𝑣𝐶𝐶   𝑖𝑖 = {(2,5) (4,5) (2,3)} 
2 60 ≤ 𝜃𝜃 < 120  𝑣𝑣𝐵𝐵   𝑣𝑣𝐴𝐴  𝑣𝑣𝐶𝐶   𝑖𝑖 = {(4,5) (2,5) (1,4)} 
3 120 ≤ 𝜃𝜃 < 180  𝑣𝑣𝐵𝐵   𝑣𝑣𝐶𝐶   𝑣𝑣𝐴𝐴  𝑖𝑖 = {(1,4) (1,6) (4,5)} 
4 180 ≤ 𝜃𝜃 < 240  𝑣𝑣𝐶𝐶   𝑣𝑣𝐵𝐵   𝑣𝑣𝐴𝐴  𝑖𝑖 = {(1,6) (1,4) (3,6)} 
5 240 ≤ 𝜃𝜃 < 300  𝑣𝑣𝐶𝐶   𝑣𝑣𝐴𝐴  𝑣𝑣𝐵𝐵   𝑖𝑖 = {(3,6) (2,3) (1,6)} 
6 300 ≤ 𝜃𝜃 < 360  𝑣𝑣𝐴𝐴  𝑣𝑣𝐶𝐶   𝑣𝑣𝐵𝐵   𝑖𝑖 = {(2,3) (3,6) (2,5)} 

 
2.3 Inverters 

 
At the inversion stage, all four unidirectional inverter switches can form four possible switching 

combinations. Here, the upper-level switches work in complimentary to the lower-level inverter 
switches as described in Eq. (5). These switching constraints are imposed due to the inductive 
nature of the load. Improper switch would draw high current to the load and destroy the system. 
Eq. (6) expresses the relationship between the dc-link current with the load currents. For single 
phase IMC topology, the load voltage of the inverter can be expressed in Eq. (7). 
𝑆𝑆𝑖𝑖(1+2𝑙𝑙) + 𝑆𝑆𝑖𝑖(2+2𝑙𝑙) = 1 , 𝑙𝑙 = {0,1}          (5) 

 
𝑖𝑖𝑃𝑃𝑃𝑃 = (𝑆𝑆𝑖𝑖1 − 𝑆𝑆𝑖𝑖3)𝑖𝑖𝑜𝑜            (6) 
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𝑣𝑣𝑜𝑜 = (𝑆𝑆𝑖𝑖1 − 𝑆𝑆𝑖𝑖3)𝑣𝑣𝑃𝑃𝑃𝑃            (7) 
 
3. Discretization Strategy 
 

In this section, two sub-topics will be discussed. Firstly, the theoretical approach of the discrete 
mathematical modelling of the input filter will be elaborated. Eq. (8) represents the forward Euler’s 
approximation. The superscripts indicate the instantaneous value meanwhile   indicate the one step 
predicted value. 

 
𝑥𝑥𝑘𝑘+1 = 𝑥𝑥𝑘𝑘 + 𝑇𝑇𝑠𝑠.𝑓𝑓(𝑥𝑥𝑘𝑘 ,𝑢𝑢𝑘𝑘)            (8) 

 
An input filter is placed on the input side for two main purposes. First is to avoid over-voltages 

and secondly is to mitigate the harmonic distortion caused by the commutations. The dynamic 
behaviour of the input filter can be written as a function of the filter capacitor voltage, filter 
inductor current and load current as indicated in Eq. (10) and Eq. (11). Eq. (12) expresses the one 
step prediction of input voltage and supply current. 

 
𝑑𝑑
𝑑𝑑𝑑𝑑
�
𝑣𝑣𝑖𝑖
𝑖𝑖𝑠𝑠 � = 𝐴𝐴 �

𝑣𝑣𝑖𝑖
𝑖𝑖𝑠𝑠 � + 𝐵𝐵 �

𝑣𝑣𝑠𝑠
𝑖𝑖𝑖𝑖 �              (9) 

 

𝐴𝐴 = �
0 1

𝐶𝐶𝑓𝑓�

−1
𝐿𝐿𝑓𝑓� −𝑅𝑅𝑓𝑓 𝐿𝐿𝑓𝑓�

� , 𝐵𝐵 = �
0 − 1

𝐶𝐶𝑓𝑓�
1
𝐿𝐿𝑓𝑓� 0

�                    (10) 

 

�𝑣𝑣𝑖𝑖
𝑘𝑘+1

𝑖𝑖𝑠𝑠𝑘𝑘+1
� = 𝜙𝜙 �𝑣𝑣𝑖𝑖

𝑘𝑘

𝑖𝑖𝑠𝑠𝑘𝑘
� + Γ �

𝑣𝑣𝑠𝑠𝑘𝑘

𝑖𝑖𝑖𝑖𝑘𝑘
�                       (11) 

 
where 
 

𝜙𝜙 ≈ 𝑒𝑒𝐴𝐴.𝑇𝑇𝑠𝑠 = �
𝑎𝑎11 𝑎𝑎12
𝑎𝑎21 𝑎𝑎22�                          (12) 

 

Γ ≈ 𝐴𝐴−1(𝜙𝜙 − 𝐼𝐼2×2).𝐵𝐵 = �𝑏𝑏11 𝑏𝑏12
𝑏𝑏21 𝑏𝑏22

�                      (13) 

 
Before expressing the load current prediction, the continuous differential expression 

representing the load voltage and load current Eq. (14) should be discretized to include the 
sampling time. 
 
𝑑𝑑𝑖𝑖𝑜𝑜
𝑑𝑑𝑑𝑑

= 1
𝐿𝐿
𝑣𝑣𝑜𝑜 −

𝑅𝑅
𝐿𝐿
𝑖𝑖𝑜𝑜                        (14) 

 
For ease of analysis, three parameters and will be introduced. These parameters are entirely 

dependent on the switching states of the rectifier and inverter circuits as dictated by (15). 
 

𝑘𝑘1 = (𝑆𝑆𝑖𝑖1 − 𝑆𝑆𝑖𝑖3)(𝑆𝑆𝑟𝑟1 − 𝑆𝑆𝑟𝑟2)  
 
𝑘𝑘2 = (𝑆𝑆𝑖𝑖1 − 𝑆𝑆𝑖𝑖3)(𝑆𝑆𝑟𝑟3 − 𝑆𝑆𝑟𝑟4)                       (15) 
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𝑘𝑘3 = (𝑆𝑆𝑖𝑖1 − 𝑆𝑆𝑖𝑖3)(𝑆𝑆𝑟𝑟5 − 𝑆𝑆𝑟𝑟6)  
  
Eq. (16) describes the one-step prediction of the load current using forward Euler’s 

approximation. There is a necessity to acquire several instantaneous values of load current, supply 
voltage, supply current and input voltage to calculate the predicted value of load current. 
Dedicated current and voltage transducers circuits had been designed to acquire these variables. 
Considering the load current as controlled variable and input voltage as input, the predicted values 
of load current can be described as: 

 
𝑖𝑖𝑜𝑜𝑘𝑘+1 = �1 − 𝑇𝑇𝑠𝑠𝑅𝑅

𝐿𝐿
� 𝑖𝑖𝑜𝑜𝑘𝑘 + 𝑇𝑇𝑠𝑠

𝐿𝐿
[𝑘𝑘1 𝑘𝑘2 𝑘𝑘3] 𝑣𝑣𝑖𝑖𝑘𝑘                     (16) 

 
The proposed predictive control features reactive power minimization ensuring nearly unity 

power factor operation. Similar to load current, the reactive power must be converted into a 
discrete format. The calculation of predicted reactive power is given in Eq. (17) where 𝛼𝛼 and 𝛽𝛽 
denotes the active and reactive components respectively. 

 
𝑄𝑄𝑠𝑠𝑘𝑘+1 = 𝑣𝑣𝑠𝑠𝑠𝑠𝑘𝑘 𝑖𝑖𝑠𝑠𝑠𝑠

𝑘𝑘+1 − 𝑣𝑣𝑠𝑠𝑠𝑠
𝑘𝑘 𝑖𝑖𝑠𝑠𝑠𝑠𝑘𝑘+1                       (17) 

 
Considering significantly small sampling time, it is possible to assume Eq. (18). 
 

𝑣𝑣𝑠𝑠𝑘𝑘+1 ≈ 𝑣𝑣𝑠𝑠𝑘𝑘                         (18) 
 

4. Predictive Current Control and Strategy 
 

In this section, the prediction model of the system is reviewed. For that purpose, the converter 
needs to be expressed in a mathematical format. In this case, the load voltage and input current 
should be expressed as a function of all possible commutation states. The following subsection 
discusses the relevant mathematical equations related to the SP-IMC topology. The proposed 
model predictive control involves four simple steps. 

 
i. Measure the initial variable - load current, supply voltage and supply current.  

ii. Determine the sextant of the input voltage.  
iii. Compute the cost function using predicted value of load current and reactive power. The 

calculation of the cost function should be iterated 12 times corresponding to the 12 
possible switching combinations. 

iv. Select the switching combination giving the minimal cost function and apply them at the 
next sampling time.   

 
4.1 Cost Function 
 

The performance of predictive control lies in the optimization of the cost function. In this paper, 
the cost function determines the tracking error for all 12 possible switching states. The optimal 
switching states that will be applied for the next sampling time correspond to the one that compute 
the least tracking error. This can be mathematically translated into minimum cost function. Listed 
below are three control requirements: 
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i. Load current reference tracking ability 
ii. Minimum reactive power  

iii. Positive fictitious dc-link voltage 
Control requirement 1 and 2 will be handled by the cost function. For control requirement 3, 

the issue of ensuring positive dc-link voltage has been handled by the proposed rectifier switching 
strategy in section 2. The control requirement 1 and 2 are defined as a sum of two sub-cost 
function 𝑔𝑔1 and 𝑔𝑔2. 𝑔𝑔1 represents the load current reference tracking error and defined as Eq. (19). 

 
𝑔𝑔1 = �𝑖𝑖𝑜𝑜

𝑟𝑟𝑟𝑟𝑟𝑟 − 𝑖𝑖𝑜𝑜𝑘𝑘+1�                        (19) 
 
Meanwhile 𝑔𝑔2 in Eq. (20) represents the predicted reactive power. This quantity will be 

compared to the reference reactive power which in this case equal to zero. 
 

𝑔𝑔2 = 𝑄𝑄𝑘𝑘+1                         (20) 
 
Lastly, the final cost function 𝑔𝑔  is defined as a linear combination of 𝑔𝑔1 and 𝑔𝑔2 as shown in Eq. 

(21). is associated with a weighting factor 𝜆𝜆𝑄𝑄 because 𝑔𝑔1 and 𝑔𝑔2 are not in the same nature. The 
weighting factor 𝜆𝜆𝑄𝑄 enable the conversion from 𝑉𝑉𝑉𝑉𝑉𝑉 to 𝐴𝐴 and brings 𝑔𝑔2 to similar logarithmic scale 
as 𝑔𝑔1. 

 
𝑔𝑔 = 𝑔𝑔1 + 𝜆𝜆𝑄𝑄|𝑔𝑔2|                       (21) 

 
4.2 Selection of 𝑇𝑇𝑆𝑆 and 𝜆𝜆𝑄𝑄 
 

In this work, the selection of these two parameters must comply with the primary objectives of 
this control, which are an outstanding load current reference tracking and minimization of reactive 
power. So far, the rules of selecting these parameters remained unclear. The common practice, an 
empirical approach is adopted. The normalized current error as in Fig.3 is plotted as a mesh graph 
by considering weighting factor and sampling time as x and y-axis respectively. As it can be 
anticipated, the normalized error recorded relatively insignificant error at small sampling time 
region. As the sampling time increases, the load current tends to deviate from the reference value. 
Another remarks from Figure 2 is that extreme value of the weighting factor also gives a negative 
impact to the reference tracking ability. Fig.3 depicts the effect of normalized reactive power to 
different values of sampling time and weighting factor.  
 
𝜀𝜀𝑖𝑖𝑖𝑖 = �𝑖𝑖𝑜𝑜𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚 − 𝑖𝑖𝑜𝑜

𝑟𝑟𝑟𝑟𝑟𝑟�                       (22) 
 

𝑖𝑖𝑜𝑜 𝑛𝑛𝑛𝑛𝑛𝑛𝑛𝑛 = 𝜀𝜀𝑖𝑖𝑖𝑖−min(𝜀𝜀𝑖𝑖𝑖𝑖)
𝑚𝑚𝑚𝑚𝑚𝑚(𝜀𝜀𝑖𝑖𝑖𝑖)−min (𝜀𝜀𝑖𝑖𝑖𝑖)

                       (23) 

 
𝜀𝜀𝑄𝑄 = �𝑄𝑄𝑟𝑟𝑟𝑟𝑟𝑟 − 𝑄𝑄𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚� = |𝑄𝑄𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚|                      (24) 

 

𝑄𝑄𝑛𝑛𝑛𝑛𝑛𝑛𝑛𝑛 = 𝜀𝜀𝑄𝑄−min�𝜀𝜀𝑄𝑄�
𝑚𝑚𝑚𝑚𝑚𝑚�𝜀𝜀𝑄𝑄�−min (𝜀𝜀𝑄𝑄)

                       (25) 
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Stable region Unstable region 

 

Unstable region 

 
Fig. 2. Normalized current error 

 
Fig. 3. Normalized reactive power 

Finally, both Figure 2 and Figure 3 are combined into Figure 4 to find a stable region where it 
corresponds to the optimal value of the sampling time and reactive power. To conclude, the 
suitable pair of sampling time and weighting factor for the prepared experimental setup are located 
within the region of 𝑇𝑇𝑠𝑠 ∈ [20,40] 𝜇𝜇𝜇𝜇𝜇𝜇𝜇𝜇 and 𝜆𝜆𝑄𝑄 ∈ [0.01,0.025] 𝐴𝐴/𝑉𝑉𝑉𝑉𝑉𝑉. It should be highlighted that 
the values given here might differ for different setup. Relative error and normalized current error 
are given by Eq. (22) and Eq. (23) respectively meanwhile Eq. (24) and Eq. (25) represents the 
relative reactive power error and its respective normalized error. 

 

Unstable region 

Stable region 

 
Fig. 4. Total normalized error 

 
5. Experimental Results and Discussions 
 

An experimental two-level single-phase indirect matrix converter (SP-IMC) prototype has been 
built in the laboratory. Figure 5 depicts the laboratory setup that was built for this project. A 
reconfigurable Xilinx Spartan 6–LX45 FPGA based controller was utilized for handling the control 
process.  12 switches for rectifier circuits and 4 Silicon Carbide MOSFET SCT2080KE switches for the 
H-Bridge circuit from ROHM Semiconductor was designed on a PCB board. Current sensor LEM 
LA25-NP and voltage transducers LEM LV-25-P are used to acquire the appropriate currents and 
voltages before sending to the ADC port. The scaling factor for the current and voltage transducers 
are fixed at 0.2𝑉𝑉/𝐴𝐴 and 0.02 respectively. The topology circuit is powered by Chroma 61511 three 
phase ac supply which can deliver clean and balanced ac supply to the system. The ac supply was 
tuned to 30Vrms and 50Hz feeding the front end rectifier through a second order RLC filter. The 
FPGA board features 10 simultaneous ±5𝑉𝑉 analogue input and four channel of 0/+5𝑉𝑉 analogue 
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output to display instantaneous variable such as reactive power.  The reactive power is calculated 
from the FPGA board in real-time due to the absence of measuring device. 

 

Chroma 61511

Input filter Rectifier  + Inverter R-L Load

Gate driver

Sensing circuits Sensing circuitsFPGA Board

Digital Oscilloscope DPO3014

 

Fig. 5. Experimental setup 
 

5.1 Experimental testing under normal condition 
 

Three sets of results is provided to assert the behaviour of the load current with respect to 
different values of weighting factor 𝜆𝜆𝑄𝑄. Figure 6 displays the dynamic response of the load current, 
superimposed supply current with supply voltage and the instantaneous reactive power. This 
results is obtained without setting weighting factor (𝜆𝜆𝑄𝑄 = 0 𝐴𝐴/𝑉𝑉𝑉𝑉𝑉𝑉).  The main observation here is 
that the load current evolves as a sinusoidal signal replicating the reference load current given to 
the controller. The reference current is set to 2A peak to peak and fixed temporal frequency 50 Hz. 
The visible ripple and overshoot exhibited by the measured load current is significantly low. 
Without weighting factor, chaotic behaviour of supply current is observed. Arbitrary supply current 
spikes occurred during this test indicate that the system is performing without unity power factor 
condition.  
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Fig. 6. Experimental results without weighting 
factor (1: Blue) Load current, (2: Red) Supply 
voltage, (3: Green) Supply current 

 
Figure 7 and Figure 8 meanwhile exhibit the experimental results of the predictive current 

control for weighting factor 𝜆𝜆𝑄𝑄 = 0.01𝐴𝐴/𝑉𝑉𝑉𝑉𝑉𝑉 and 𝜆𝜆𝑄𝑄 = 0.025 𝐴𝐴/𝑉𝑉𝑉𝑉𝑉𝑉 respectively. As anticipated, 
the reference tracking quality of the load current slightly degraded when higher 𝜆𝜆𝑄𝑄 is applied to the 
algorithm. A visible load current ripple start to develop while maintaining an acceptable distortion. 
The ability of load current tracking has been compromised by the reactive power minimization. As a 
results, a rise of THD% value could be observed but maintaining fairly a sinusoidal wave-shape 
because of the nature of the load. The R-L load combination give comparable effect as a low pass 
filter which reduce the high frequency components of the load current. With the inclusion of non-
zero weighting factor, the power circuit starts to draw more orderly sinusoidal wave. Both supply 
current and supply voltage is now aligned in phase indicating that the system is now operating 
under unity power factor condition. A quantitative results is given in Table 4. The percentage 
current error is calculated offline after running the experiment. The error can be expressed as Eq. 
(26). The number of samples provided by the Textronix DPO 3014 Digital Phosphor Oscilloscope is 
n=10000 samples.  

 

%𝜀𝜀𝑖𝑖 =
1
𝑛𝑛
∑ �𝑖𝑖𝑜𝑜

𝑟𝑟𝑟𝑟𝑟𝑟−𝑖𝑖𝑜𝑜𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚�𝑛𝑛
𝑘𝑘=1

𝑟𝑟𝑟𝑟𝑟𝑟�𝑖𝑖𝑜𝑜
𝑟𝑟𝑟𝑟𝑟𝑟�

                      (26) 

 

  
Fig. 7. Experimental results with 𝜆𝜆𝑄𝑄 = 0.01  (1: Blue) 
Load current, (2: Red) Supply voltage, (3: Green) 
Supply current 

Fig. 8. Experimental results with 𝜆𝜆𝑄𝑄 = 0.025  (1: 
Blue) Load current, (2: Red) Supply voltage, (3: 
Green) Supply current 
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Figure 9 and Figure 10 show the experimental reactive power for lambda 𝜆𝜆𝑄𝑄 = 0.01𝐴𝐴/𝑉𝑉𝑉𝑉𝑉𝑉 and 
𝜆𝜆𝑄𝑄 = 0.025𝐴𝐴/𝑉𝑉𝑉𝑉𝑉𝑉 respectively. Due to the strong distortion of the supply current, an unwanted 
high reactive power is present on the input side 𝜆𝜆𝑄𝑄 = 0. The maximum amplitude of the reactive 
power can reached up to 100 VAR. On the contrary, there is radical reduce of reactive power when 
𝜆𝜆𝑄𝑄 = 0.025 𝐴𝐴/𝑉𝑉𝑉𝑉𝑉𝑉 is applied to the algorithm as can be observed in Figure 11. For both cases, the 
reactive power is pre-scaled and send to the analogue output with a fitting scale of 0.02 𝑉𝑉/𝑉𝑉𝑉𝑉𝑉𝑉/
𝑑𝑑𝑑𝑑𝑑𝑑. 

 

  
Fig. 9. Reactive power 𝑄𝑄 for 𝜆𝜆𝑄𝑄 = 0 𝐴𝐴/𝑉𝑉𝑉𝑉𝑉𝑉. Fig. 10. Reactive power 𝑄𝑄 for 𝜆𝜆𝑄𝑄 = 0.025 𝐴𝐴/𝑉𝑉𝑉𝑉𝑉𝑉 

 
5.2 Experimental testing under step and frequency change 

 
First test consists of applying step changes as reference load current. In view of assessing the 

robustness, a step change and frequency change test has been conducted. Figure 11 shows the 
dynamics of the load current for step change test. The load current was initially set at 1A, 50 Hz and 
immediately, the load current amplitude is decreased to 0.5A. The weighting factor  𝜆𝜆𝑄𝑄 = 0.01 
remains unchanged during the whole experimental test. From this figure it can be observed that 
the load current ripple is slightly increased after the step change is applied. It should be noted that 
the optimal current amplitude for this test is 1A. The load current applied after the step change is 
considered under rated. This problem can be remediated by tuning the ac supply to a lower value 
to adjust the power required by the circuit. 

Referring to Figure 11, the changes of amplitude took place in a very short transient period 
proof the reliability of the controller to detect sudden changes in the reference. Figure 12 shows 
the zoomed region of the transient period. It can be seen that the controller required 528.33 𝜇𝜇𝜇𝜇𝜇𝜇𝜇𝜇 
to track the new value of the load current reference. 

 

  
Fig. 11. Load current dynamic under step change test Fig. 12. Transient period for step change test 
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The fast tracking of the current reference confirmed extreme robustness of the proposed 
control against step changes. In the same philosophy, the proposed control is tested against 
frequency changes. For the frequency change test, the load current reference is fixed to 1A, 50 Hz 
and the frequency is changed to 100 Hz while remaining the same amplitude. Again, the measured 
load current is able to track reference changes and react to the changes within a short transient 
period as shown in Figure 13. The experimental setup has been tested for a frequency band ranging 
from 5 Hz to 155 Hz. Within this range, the controller is able to provide good load current reference 
tracking. Beyond this frequency range, the load current distorts and a non-sinusoidal wave can be 
observed. One of the drawbacks of the proposed control scheme is that, the switching frequency 
cannot be controlled. An additional cost function might be needed to control the switching 
frequency. The average switching frequency of this work is around 5.1 kHz. In order to widen the 
range of output frequency of the load current, higher switching frequency will be needed. Figure 14 
displays the zoomed area during the transient of the load current. In case of frequency change, it 
took 608.33 𝜇𝜇𝜇𝜇𝜇𝜇𝜇𝜇 before converging to the reference value.  
 

  
Fig. 13. Load current dynamic under frequency 
change test 

Fig. 14. Transient period for frequency change test 
 

 
Figure 15 demonstrates the effectiveness of the rectifier switching strategy where at any 

instant, the dc-link voltage measured between the positive and negative terminal. This is important 
to ensure proper commutation of the h bridge. The value of the dc-link voltage is observed to be 
positive at any instant with upper and lower envelop are given by the line to line input voltage 
across the capacitor. Table 2 compares the performance of the different Euler’s approximation for 
 𝜆𝜆𝑄𝑄 = 0 𝐴𝐴/𝑉𝑉𝑉𝑉𝑉𝑉 and 𝜆𝜆𝑄𝑄 = 0.01 𝐴𝐴/𝑉𝑉𝑉𝑉𝑉𝑉. This results reveal that the forward and Midpoint Euler’s 
has been outperformed by the backward Euler’s approximation. In fact, backward Euler’s has the 
best trade-off between complexity and accuracy. Forward technique only considers the value of 
load current and load voltage at instant 𝑘𝑘. 
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Fig. 15. Fictitious dc-link voltage 

 
Despite being simple, it has the drawback of not having the knowledge of the predicted value of 

load voltage. On the other hand, midpoint Euler’s formula is completely the reverse. For that 
reason, the controller board need to bear heavy computational burden and require longer time to 
compute the cost function due to the complex calculation.  
 

Table 2 
Performance evaluation for different approaches  
𝜆𝜆𝑄𝑄 = 0 𝐴𝐴/𝑉𝑉𝑉𝑉𝑉𝑉  𝜆𝜆𝑄𝑄 = 0.01𝐴𝐴/𝑉𝑉𝑉𝑉𝑉𝑉  
THD (%) %𝜀𝜀𝑖𝑖 𝑄𝑄𝑎𝑎𝑎𝑎𝑎𝑎  (VAR) THD (%) %𝜀𝜀𝑖𝑖 𝑄𝑄𝑎𝑎𝑎𝑎𝑎𝑎  (VAR) 
4.27 6.19 25.04 4.93 8.10 2.04 

 
Table 3 compares the performance of the proposed power circuit with different single phase 

ac/ac topology. In order to make fair comparison, [13] uses model predictive control to control the 
firing signal of the semiconductor switches.   
 

Table 3 
Comparisons with Relevant Literature  
Evaluation criteria Proposed [13] [14] 
THD% (distortion) 3.63 (𝜆𝜆𝑄𝑄 = 0) 

4.02 (𝜆𝜆𝑄𝑄 = 0.01) 
2.87 2.80 

Sampling time (𝜇𝜇𝜇𝜇𝜇𝜇𝜇𝜇) 30 200  25 
Robustness test Yes  No No 
Reactive power minimization Yes No No 
Power flow Bidirectional Unidirectional Bidirectional 
Number of switches 10 8 12 
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Table 4 indicates the experimental parameters used in this paper. 
 

Table 4 
Experimental Parameters  
Parameter Symbol Value 
RMS supply voltage 𝑉𝑉𝑠𝑠  30 𝑉𝑉  
Supply frequency 𝑓𝑓𝑠𝑠  50 𝐻𝐻𝐻𝐻  
Filter resistance 𝑅𝑅𝑓𝑓  0.5 Ω  
Filter inductance 𝐿𝐿𝑓𝑓   420 𝜇𝜇𝜇𝜇  
Filter capacitance 𝐶𝐶𝑓𝑓  25 𝜇𝜇𝜇𝜇  
Output current amplitude 𝐼𝐼𝑜𝑜   0.5 − 1 𝐴𝐴  
Output frequency 𝑓𝑓𝑜𝑜  5 − 155 𝐻𝐻𝐻𝐻  
Load resistance 𝑅𝑅  24 Ω  
Load inductance 𝐿𝐿  46 𝑚𝑚𝑚𝑚  
Sampling time 𝑇𝑇𝑠𝑠  30 𝜇𝜇𝜇𝜇𝜇𝜇𝜇𝜇  

 
6. Conclusions 
 

In this paper, the predictive current control, reactive power minimization strategy and rectifier 
switching optimization strategy have been proposed to control a two-level single phase indirect 
matrix converter. The control strategy presented in this paper, based on predictive control, is much 
simpler and more intuitive than the classical methods used previously. The predictive control 
asserts a total of 12 possible commutation states and chose specifically the switching states that 
minimize the cost function. Several tests have been conducted to evaluate the robustness of the 
proposed control towards reference changes while the output currents continue to effectively track 
their references. For each test, low load current THD, low current ripple and ability to minimize the 
instantaneous reactive power are observed. By selecting proper sampling time and weighting 
factor, both reference tracking and reactive power minimization requirement can be fulfilled. From 
the experimental result, it was found that backward Euler’s approximation exhibits better reference 
tracking performance, low total harmonics distortion and instantaneous reactive power compared 
to the other techniques. 
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